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Abstract Optimized levels of glial cell line-derived neuro-
trophic factor glial cell line-derived neurotrophic factor
(GDNF) are critical for protection of dopaminergic neurons
against parkinsonian cell death. Recombinant lentiviruses
harboring GDNF coding sequence were constructed and used
to infect astrocytoma cell line 1321N1. The infected astrocytes
overexpressed GDNF mRNA and secreted an average of
2.2 ng/mL recombinant protein as tested in both 2 and
16 weeks post-infection. Serial dilutions of GDNF-enriched
conditionedmedium from infected astrocytes added to growing
neuroblastoma cell line SK-N-MC resulted in commensurate
resistance against 6-OHDA toxicity. SK-N-MC cell survival
rate rose from 51% in control group to 84% in the cells grown
with astro-CM containing 453 pg secreted GDNF, an increase
that was highly significant (P<0.0001). However, larger
volumes of the GDNF-enriched conditioned medium failed
to improve cell survival and addition of volumes that
contained 1,600 pg or more GDNF further reduced survival
rate to below 70%. Changes in cell survival paralleled to
changes in the percent of apoptotic cell morphologies. These
data demonstrate the feasibility of using astrocytes as

minipumps to stably oversecrete neurotrophic factors and
further indicate that GDNF can be applied to neuroprotection
studies in PD pending the optimization of its concentrations.
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Abbreviations
Astro-CM Astrocytic conditioned medium
GDNF Glial cell line-derived neurotrophic factor
6-OHDA 6-Hydroxy dopamine
TH Tyrosine hydroxylase
SNpc Substantia nigra pars compacta
SN-ST Nigrostriatal

Introduction

Neuroprotection is considered an effective strategy to
challenge neurodegenerative disorders (Böhr 2004). Par-
kinson’s disease (PD) is characterized by the demise of a
subset of midbrain dopaminergic (DAergic) neurons in the
Substantia nigra pars compacta (SNpc) (Hirsch et al.
1997). The well-organized extended DAergic fibers that
form the nigrostriatal (SN-ST) pathway as a chief route of
dopamine circulation in the basal ganglia also disintegrate
in the course of the disease (Ziv et al. 1997; Lang and
Obeso 2004). Indeed, PD symptoms occur when 80% of
striatal dopamine and 50% of the nigral cells are lost
(Riederer and Wuketich 1976). Therefore, the recovery of
DAergic neurons in the SNpc as well as re-sprouting of
their SN-ST fibers are crucial for restoring motor behaviors
in PD (Björklund et al. 2000).
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Agents that can effectively promote survival and re-growth
of DAergic neurons include neurotrophic factors, anti-oxidant
enzymes, iron chelators (Yacoubian and Standaert 2009), and
certain transcription factors that mainly promote dopamine
signaling in embryonic stages (Wallén-Mackenzie et al.
2003; Saijo et al. 2009; Yang et al. 2008). Glial cell line-
derived neurotrophic factor (GDNF) is known primarily as a
potent neurotrophic factor for survival and axonal growth of
mesencephalic DAergic neurons. GDNF is a member of
transforming growth factor-β superfamily and functions via
a complex that consists of four specific receptors (GFRα1-4)
as well as Ret tyrosine kinase the product of c-Ret proto-
oncogene (Airaksinen and Saarma 2002; Sariola and Saarma
2003). Since its advent in 1993 (Lin et al. 1993), GDNF has
been studied and used to the extent that its current
applications span from the bench to the bed (Gill et al.
2003; Nutt et al. 2003; Patel et al. 2005; Lang et al. 2006;
Morrison et al. 2007). When exogenously applied, the
molecule is shown to promote long-term survival of target
neurons and improvement of motor behaviors in various
neurodegenerative conditions (McBride et al. 2003; McBride
et al. 2006 Wang et al. 2002; Bohn 2004; Klein et al. 2005,
Horita et al. 2006; Kobayashi et al. 2006).

GDNF is particularly important for neuroprotection in
PD since it ameliorates motor deficits and reduces brain
damage in PD animal models (Björklund et al. 1997, 2000;
Kordower et al. 2000). In these models, GDNF protects
dying DAergic neurons and induces their residual fibers to
re-grow and reconstitute the demolished SN-ST pathway
(Kordower et al. 2000; Eslamboli et al. 2005; Sherer et al.
2006; Gill et al. 2003). Love et al. (2005) have produced
direct evidence for GDNF-mediated DAergic neuron
sprouting in human brain.

The observations mentioned above indicate GDNF poten-
tial to promote DAergic neuroprotection in PD models;
however, its effectiveness in improving PD motor symptoms
has been far from satisfactory. In fact, clinical trials of GDNF
have not proven fully effective in providing long-lasting
protection to DAergic neurons in PD brains (Lang et al.
2006; Slevin et al. 2005, 2007; Patel and Gill 2007; Sherer et
al. 2006; Yasuhara et al. 2007). Cellular and molecular
analyses indicate that continuous supply of GDNF or
constitutive overexpression of its cDNA might lead to
reduced levels of tyrosine hydroxylase (TH) protein in the
preserved striatal dopamine terminals and aberrant sprouting
of TH+ neurons in striatal and SN regions (Georgievska et al.
2002; Rosenblad et al. 2003). These findings imply that PD
patients can benefit from GDNF only in its optimized
conditions. In other words, the time, route and dose of
GDNF delivery would exert profound impacts on its
therapeutic properties in vivo (Brundin 2002).

Several options are considered for continuous GDNF
delivery in vivo as well as constant and local production of

the GDNF protein in order to effectively challenge chronic
and progressive nature of PD. These options include the use
of physical minipumps, biodegradable microspheres, en-
capsulated cells, and virus vector delivery (Deierborg et al.
2008). Vectors derived from adenoviruses, adeno-
associated viruses (AAVs) and lentiviruses have so far
been applied for GDNF delivery (Deierborg et al. 2008;
Mandel et al. 2008; Schneider et al. 2008). On the other
hand, plain and engineered host cells have been used to act
as biological minipumps to deliver GDNF to deal with
neurodegenerative conditions (Klein et al. 2005; Ebert et al.
2010; Nakao et al. 2000). Such combinations of cell and
gene therapy strategies are aimed at delivering optimized
levels of the protein in a sustained manner while avoiding
unpredicted side effects so GDNF effectiveness can be
ultimately maximized (Hong et al. 2008).

Astrocytes are natural suppliers of GDNF in the CNS and
perform many functions for neuronal survival. They can also
be easily engineered to secrete the optimum doses of GDNF
(Cunningham and Su 2002; Parsadanian et al. 2006; Pertusa
et al. 2007). Therefore for neuroprotection studies, they might
have advantages over other cell types such as fibroblasts,
myoblasts, and neural stem cells that have been applied for
GDNF delivery (Kaddis et al. 1996; Mohajeri et al. 1999;
Duan et al. 2005; Ponce et al. 2005; Capowski et al. 2007).
We have previously studied the feasibility of co-culturing
GDNF-secreting primary astrocytes with DAergic neurons
that led to neuronal protection in vitro (Sandhu et al. 2009).
In the current study, we sought to examine the potential of
GDNF-enriched conditioned medium from engineered astro-
cytes to save DAergic neurons from 6-OHDA toxicity. We
show that this medium is capable of inducing neuronal
survival in the presence of the 6-OHDA; however, GDNF
oversupply was found hazardous to the cells indicating that
dose optimization is necessary for effective protection.

Materials and Methods

RNA Extraction and RT-PCR Cloning Total RNA was
extracted from kidney tissue of C57/Bl-6 mice (Pasteur
Institute, Tehran) using High Pure RNATissue Kit (Roche),
treated with DNase and tested for its integrity by agarose
gel electrophoresis. Two micrograms of the RNA sample
was used for cDNA synthesis in a 60-min reaction at 42°C
using MuLV reverse transcriptase (Fermentas, Lithuania) in
the presence of random hexamers and RNase inhibitor. The
reaction product was then visualized using gel electropho-
resis. The following primers were used to amplify the
mGDNF coding sequence:

Forward: 5 ′-TAGGCTAGCCACCATGGGATTC
GGGCCACTTGGA-3′
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Reverse: 5′-GATCTCGAGTCAGATACATCCACAC
CGTTTAGCGG-3′

Restriction digestion sites for NheI and XhoI were
inserted within the forward and reverse primers, respec-
tively. We also accommodated a Kozak sequence within the
forward primer.

The cDNA sample was first denatured at 95°C for 2 min.
Then the PCR reaction was carried out for 35 cycles
consisting of denaturation at 94°C for 45 s, annealing at 65°C
for 1 min and extension at 72°C for 30 s. The PCR product
was run on a 1% agarose gel electrophoresis and used for
recombinant lentivirus vector construction (see below). Upon
subcloning to our lentivirus transfer vector, the PCR fragment
was subjected to automated sequencing using primer pairs
complementary to the mouse GDNF coding sequence
(Matsushita et al. 1997) (GenBank accession no. D88264).

Recombinant Lentivirus Vector Construction All three orig-
inal lentiviral vectors (transfer, pNL-EGFP/CMV-WPRE;
packaging, pCD/NL-BH*ΔΔΔ; and envelope, pLTR-G) as
well as pGtx/GFP were kind gifts of Dr. J. Reiser (Pluta et al.
2005). pLEX-Jred was purchased from OpenBiosystems
(OpenBiosystems, http://www.openbiosystems.com/). Re-
striction enzyme digestions and cloning/subcloning were
carried out using standard methods (Sambrook et al.
1989). Standard High Pure PCR Product Purification and
Plasmid Maxi Kits (Roche) were applied for plasmid DNA
purification/amplification.

Cell Culture Human embryonic kidney cell line 293T
(HEK-293T) (ATCC CRL-11268), neuroblastoma cell
line SK-N-MC (ATCC HB-10), and human astrocytoma
cell line 1321N1 (European Collection of Cell Cultures)
were maintained and expanded in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO/Invitrogen) supple-
mented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 μg/ml streptomycin at 37°C, 5%
CO2. The cells were split by trypsinization when they
reached 85–90% confluence.

Cell Transfection and Recombinant Lentivirus Produc-
tion We accommodated the GDNF coding sequence within
the original lentivirus transfer vector to generate pLV-
GDNF (see “Results” for details). HEK-293T cells were
seeded in 10-cm-diameter cell culture dishes at a density of
2×106 cells/dish and transfected 24 h later using standard
DNA-calcium phosphate co-precipitation. To produce ma-
ture recombinant lentiviruses, the packaging (10 μg) and
the envelope (8 μg) vectors were used for co-transfection
with lentivirus transfer vector pLV-GDNF (15 μg) as our
main construct or with pLV-Jred as empty vector control
(15 μg).

Virus Concentration and Cell Infection We collected cell
supernatant 24 and 48 h post-transfection, filtered with
0.45 μ syringe filters and together applied to Amicon
columns-100K (Millipore). The samples in columns were
centrifuged at 4,000 rpm for 10–15 min and 500-μl
concentrated virus stocks were obtained. Astrocytes as our
target cells were seeded in 6-well plates at the density of 2×
105/well at 24 h before we infected them. We found storage
of virus stocks during titration and before the target cell
infection highly reduces their infectivity. Since our ultimate
goal was to infect 100% of astrocytes, we decided to bypass
the tedious virus titration step by applying serial dilutions
of the 500-μl virus stock directly into the medium of
astrocytes: 1/50 (10 μl), 1/25 (20 μl), 1/10 (50 μl), and 1/5
(100 μl). The fully infected batches of cells were selected
and expanded either in T75 flasks for freezing or in 10-cm-
diameter dishes for RT-PCR analysis.

RNA Extraction and RT-PCR Ninety-six hours after cell
infection, total RNA was extracted using High Pure RNA
Isolation Kit (Roche), DNase treated and tested for its
integrity by agarose gel electrophoresis. Two micrograms of
each RNA sample was used for cDNA synthesis in a
60-min reaction at 42°C using MuLV reverse transcriptase
(Fermentas, Lithuania) in the presence of random hexamers
and RNase inhibitor.

To amplify the 262-bp partial fragment of mGDNF
cDNA, the following primers were synthesized based on
mGDNF coding sequence (Matsushita et al. 1997) (Gen-
Bank accession no. D88264):

Forward: 5′-CTTCCTCGAAGAGAGAGGAATCG-3′
Reverse: 5′-GTTAGCCTTCTACTCCGAGACAGG-3′

To ensure of cDNA quality and sample equality, we also
used standard GAPDH primers for each cDNA sample as
we described (Gardaneh et al. 2011).

An equal amount of each cDNA sample was subjected to
PCR. The samples were first denatured at 95°C for 2 min.
PCR reactions were carried out for 30 cycles consisting of
denaturation at 94°C for 1 min, annealing at 59°C for
1 min, and extension at 72°C for 1 min. The PCR products
were run on a 1.2% agarose gel electrophoresis, and the
images were analyzed for the density of their bands using
ImageJ software (http://rsbweb.nih.gov/ij/). The RT-PCR
analysis was repeated three times as three independent
experiments.

GDNF Immunoassay We used a GDNF Emax® Immunoas-
say system (Promega, Madison, WI) to determine GDNF
protein levels according to the supplier's protocol. Briefly,
we coated 96-well plates with anti-human GDNF mono-
clonal antibody as the capture antibody diluted in carbonate
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coating buffer, pH 8.2, and incubated overnight at 4°C.
Blocking buffer (1×) was used to block wells (200 μL/well)
for 1 h at room temperature (RT). At the meantime, we
prepared GDNF standards ranging from 0 to 1,000 pg/
100 μL using recombinant human GDNF and samples
(100 μL, dilutions ranging from 5- to 1,000-fold) and added
them to the wells. The samples were incubated on a shaker
for 6 h at RT and then washed using TBS-T (20 mM Tris–
HCl, pH 7.6, 150 mM NaCl, 0.05% (v/v) Tween 20). To
detect the bound GDNF, we used anti-human GDNF
chicken polyclonal antibody overnight at 4°C. The next
day, the samples were washed with TBS-T for a few times
before adding horseradish peroxidase-conjugated anti-
chicken IgY antibody to the plates. Incubation/shaking time
for this antibody last 2 h at RT. We then washed the plates
with TBS-T and added 100 μL of the enzyme substrate
(Tetramethylbenzidine One solution) to each well. The
plates were incubated for 15 min at RT in the dark, and the
reaction was stopped by the addition of 100 μL 1N HCl per
well. At the end, we measured the absorbance at 450 nm
and calculated the amount of GDNF from the standard
curve in the linear range.

6-OHDA Treatment A 5-mM stock of 6-OHDA (Sigma)
containing 0.9% saline and 0.1% ascorbate and 10 mM
diethylenetriamine pentaacetic acid (DETAPAC, Sigma) as
a metal chelator was prepared by flushing with nitrogen for
10 min and filter sterilized before storing it in aliquots at
−20°C. A day before 6-OHDA treatment, SK-N-MC cells
were seeded in 96-well plates at a density of 3,000/well. To
determine the LD50 of 6-OHDA for SK-N-MC cells, we
treated the cells with serial dilutions of the toxin in serum-free
DMEM for 48 h before testing their viability. Triplicate wells
were set up for each 6-OHDA dilution and the whole
treatment was repeated three times as independent experi-
ments. Once we determined the LD50, we applied it to the rest
of the experiments where 6-OHDA treatment was needed.

MTT Reduction Assay A 0.5-mg/ml stock of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide;
Sigma) was prepared in phosphate-buffered saline (PBS;
pH 7.2) at 5 mg/mL, filter sterilized, and stored at 4°C until
use. From this stock, we added 20 to 180 μl serum-free
DMEM in each well after removing 6-OHDA medium and
incubated the cells at 37°C with 5% CO2 for 3 h. At the
end, we replaced this medium with 200 μl dimethyl
sulfoxide, incubated the cells for 5 min, and read the
absorbance at 580 nm. In our results, we expressed cell
viability as a percentage of either untreated or empty vector
control group.

SK-N-MC Cell Treatment with Astrocytic Condition
Medium Once the LD50 was determined for SK-N-MC

cells, astrocytes were cultured at a density of 4×105 cells/
well, and their media were collected 3 days later. We
collected condition medium (astro-CM) from non-infected
(plain), pLV-Jred-infected (pLV-Jred), and pLV-GDNF-
infected astrocytes (pLV-GDNF). SK-N-MC cells were
seeded at a density of 3,000/well in a 96-well plate 1 day
before we added the media. Triplicate wells were set up for
each cell group and the whole treatment was repeated three
times as independent experiments. The cells were treated
first with various volumes of astro-CM and 12 h later with
6-OHDA and allowed to grow for another 24 h before
examining their viability. Astro-CM volumes were based on
the fraction of total medium taken from growing astrocytes:
50 μl out of total 2 ml was expressed as Sample (S)-50,
100 μl as S-100, and so on.

Hoechst Staining and Apoptotic Cell Count Growing cells
untreated and treated with 6-OHDA for 12 h were fixed
with 4% paraformaldehyde, washed and spiked with 5 μg/
mL Hoechst 33258 in PBS. The percentage of cells with
condensed and shrunken nuclei was determined by count-
ing them using a ×20 objective under an IX71 Olympus
Invert microscope and dividing them by the total population
within each field. Approximately 150–200 cells were
counted in six random fields from three independent
experiments.

Statistical Analysis Data in the figures are represented as
the mean±SEM of three or more separate experiments
carried out in triplicate. We used unpaired Student's t test to
analyze differences between two groups. Differences
between three or more groups were analyzed by one-way
analysis of variance (ANOVA), followed by post hoc least
significant difference (LSD) comparisons test in SPSS version
16. We considered a value of P<0.05 (*, #, or ×) as
statistically significant and P<0.01 (**, ##, or ××) or P<
0.001 (***, ###, or ×××) as highly significant. We also used
linear and nonlinear (quadratic) regression analyses to
evaluate the effects of astro-CM on SK-N-MC cell survival.

Results

RT-PCR Cloning of GDNF Coding Sequence from Kidney

Kidney is an easily accessible organ where GDNF is
constitutively expressed throughout life (Choi-Lundberg
and Bohn 1995). We used total RNA from mouse kidney
tissue to amplify GDNF coding sequence. Gel electropho-
resis of the PCR reactions detected the amplified 722-bp
product (Fig. 1A). Using GDNF-specific primers previous-
ly introduced (Matsushita et al. 1997), we confirmed the
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identity of our PCR product by automated sequencing (see
“Materials and Methods” for details).

Construction of New Lentivirus Vectors from Original
Transfer Vector

Plasmid pNL-EGFP/CMV-WPRE was employed to a series
of subcloning steps to produce our final lentivirus-GDNF
construct. First, both GDNF fragment and the vector were
digested with NheI/XhoI and ligated together to produce a
new construct named pNL-CMV-GDNF. Next, an IRES
element was separated from the pGtx/GFP vector using
BglII/BamHI and inserted into the XhoI site upstream of Jred
in pLEX-Jred that generated pLEX-IRES-Jred. From this
new construct, the IRES-Jred fragment was excised using
XhoI sites located at both ends of the fragment and inserted
into pNL-CMV-GDNF also linearized with XhoI. This step
produced our final product pLV-GDNF in which GDNF-
IRES-Jred was located downstream of the CMV promoter
within the lentivirus backbone (Fig. 1B). We also created a
control pLV-Jred vector by replacing EGFP in pNL-EGFP/
CMV-WPRE (digested with NheI/XhoI) with IRES-Jred
from pLEX-IRES-Jred (digested with XhoI) in a blunt-end
ligation (Fig. 1B). The accuracy of all subcloning steps and
the integrity of each construct were tested by digesting them
with at least two different sets of restriction enzymes.

Generation of Recombinant Lentiviruses and Infection
of Astrocytes

HEK-293T cells co-transfected with lentivirus vectors
began expressing Jred 6 h later and over 95% of them
randomly counted under the fluorescent microscope were
found Jred positive by 48 h post-transfection (Fig. 2A (a/b)).

Virus stocks were prepared by concentration of a 10-ml
medium collected from the transfected cells. As outlined in
Materials and Methods, we bypassed titration step and
directly applied serial concentrations of the virus stock to
our growing astrocytes. Viral transduction of astrocytes was
monitored by Jred expression that initiated 72 h post-
infection and reached its peak 48 h later (Fig. 2A (c/d)).
Post-infection expression of Jred showed that minimum 1:25
dilution of virus stock was capable of transducing over 95%
of astrocytes in a 6-well plate. We expanded the transduced
astrocytes to be able to carry out further analyses outlined
below.

Jred Gene Expression: Indication of Stability
and Longevity

Jred expression was monitored at weeks 2, 4, and 6 post-
infection and showed no tangible reduction in expression
levels within this period. We maintained a fraction of the
transduced astrocytes in culture for over 16 weeks at which
time point they kept stably expressing Jred at levels not
significantly different from those of the first 2 weeks
(Fig. 2B (e/f and g/h)). A batch of the transduced cells
frozen 2 weeks post-infection was re-thawed to 37°C also
stably expressed Jred (data not shown).

Detection of GDNF mRNA Overexpression by RT-PCR

GDNF mRNA expression in HEK-293T cells was analyzed
both post-transfection and post-infection (Fig. 3A). These
cells already express GDNF at basal levels. However, over
5-fold increase in GDNF mRNA expression was detected in
pLV-GDNF-transfected cells (Fig. 3A (a)). The overexpres-
sion was measured to be nearly 3-fold in pLV-GDNF-
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Fig. 1 GDNF cloning and pLV-GDNF construction. A An agarose
gel image of RT-PCR to clone mouse GDNF fragment of 722 bp long.
B Lentivirus constructs, pLV-Jred as a base control and pLV-GDNF as

our final construct were used as transfer vectors and in parallel
throughout the study. IRES internal ribosome entry site, MCS multi-
cloning site
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infected HEK-293T cells compared with their plain as well
as pLV-Jred controls (Fig. 3A (b)).

Changes in the expression levels of GDNF mRNA were
then monitored in pLV-GDNF-infected astrocytes both in 2
and 16 weeks post-infection. Over 3-fold increase in GDNF

mRNA levels was detected in both batches of cells
compared with non-infected and pLV-Jred controls
(Fig. 3A (c)). Also, the 2-week-old frozen infected cells
showed similar increase at GDNF mRNA levels when re-
thawed and analyzed by RT-PCR (data not shown).

(b)

(a)

(d)

(c)

(f) (h)

(e) (g)

BA

Fig. 2 Reporter gene expression at transfection and infection levels.
A Microscopic images of HEK-293T cells expressing Jred 48 h post-
transfection (a/b) and images of astrocytes expressing Jred 5 days after

infection with pLV-GDNF virus (c/d). B Microscopic images of pLV-
GDNF-infected astrocytes expressing Jred 2 (e/f) and 16 weeks after
infection (g/h). Magnifications: a–d, ×20×; e–h, ×10
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Fig. 3 Detection of GDNF overexpression. A Gel images of RT-PCR
analyses. GDNF mRNA overexpression is shown by HEK-293T cells
(a, b) and astrocytes (c). a Post-transfection reactions, b, c post-infection
reactions. Lanes 1, 4, and 7, plain cells; 2, pLV-Jred-transfected cells; 3,
pLV-GDNF-transfected cells; 5 and 8, pLV-Jred-infected cells; 6, 9, and
10, pLV-GDNF-infected cells. Lanes 9 and 10 represent samples from 2
and 16 weeks post-infection, respectively. B GDNF levels in astrocytic

media measured by ELISA. Media were collected from pLV-GDNF-
Jred-infected growing astrocytes 2 (pLV-GDNF-4) and 16 weeks post-
infection (pLV-GDNF-16). Each column represents the average of data
from three separate experiments carried out in triplicates. Statistical
differences in GDNF levels between pLV-Jred and pLV-GDNF samples
(***P<0.0001, Student’s t test)
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Detection of GDNF Over-Secretion by ELISA

The levels of GDNF secreted by pLV-GDNF-infected
astrocytes into their medium was measured based on a
GDNF immunoassay using a GDNF-specific ELISA kit. A
standard curve was created and, accordingly, the amount of
GDNF in each sample was calculated. The astro-CM
collected from pLV-Jred astrocytes did not contain tangible
GDNF concentrations. However, serial volumes of the
medium from pLV-GDNF astrocytes contained increasing
concentrations of GDNF as shown in Table 1. The
examination of these media collected 2 weeks after
transduction revealed an average of 2.2 ng/mL GDNF
present in the medium. The astro-CM from the same cells
16 weeks after transduction was also analyzed and showed
no significant decline in GDNF levels (Fig. 3B).

Increased SK-N-MC Cell Survival in the Presence
of Astro-CM

Intragroup Comparisons (Plain and pLV-Jred Controls)
We determined 100 μM 6-OHDA as LD50 for SK-N-MC
cell line treated for 48 h and applied it to our subsequent
experiments. Astro-CM from plain or 2-week-old pLV-Jred-
infected astrocytes was added to the SK-N-MC cells before
the cells were exposed to 6-OHDA. Steady increase of cell
survival was observed with increasing volumes of astro-
CM (Fig. 4A). Astro-CM volumes of S-50 and S-100 taken
from either plain or pLV-Jred controls improved SK-N-MC
cell survival only by 5%. However, addition of S-200
increased cell survival by 11% that was significant
compared with that of non-treated controls (Fig. 4A (P≤
0.01; LSD comparisons test)).

Intragroup Comparisons (pLV-GDNF Group) In parallel
with control experiments, serial volumes of astro-CM taken
from pLV-GDNF astrocytes were applied to SK-N-MC
cells. We compared survival rates among 6-OHDA-treated
cells that received S-50 containing 112±8 pg GDNF, S-100
containing 215±4 pg GDNF and S-200 containing 453±
10 pg GDNF. Increase in GDNF concentrations caused

parallel increase in the rate of cell survival: S-50 increased
cell viability to 63.5±2%, up only 12% from that of non-
treated control cells (Fig. 4A), whereas S-100 and S-200
increased cell viability to 70.5±1.5% (up by 19%) and 84±
2.5% (up by 33%), respectively (Fig. 4A (non-treated
controls versus cells treated with S-100 and S-200, P≤
0.002; LSD comparisons test)).

Intergroup Comparisons (pLV-GDNF Compared with Plain
and pLV-Jred Controls) In the next step, survival rates were
compared among SK-N-MC cell groups that before 6-
OHDA treatment received astro-CM from plain, pLV-Jred,
and pLV-GDNF astrocytes. S-50 and S-100 collected from
either plain or pLV-Jred astrocytes increased SK-N-MC cell
survival to 57±1.9% and 59±0.9%, respectively (Fig. 4A).
In comparison, the figures for the cells receiving equivalent
astro-CM volumes of pLV-GDNF astrocytes stood at 63.5±
2.1% and 70.5±1.5%, respectively (P<0.001; LSD com-
parisons test). Differences in response to S-200 were also
highly significant: 63±1.8% for control groups and 84±
2.5% for the pLV-GDNF group (P<0.0001).

Reduction of Apoptotic Cell Morphologies by GDNF
Function Twelve hours after challenging with 6-OHDA
treatment, SK-N-MC cells were Hoechst stained and
examined for morphological changes. Those cells that
displayed condensed and shrunken nuclei were considered
apoptotic (Fig. 4B). Increase in astro-CM volumes up to
200 μl paralleled a decline in the number of apoptotic cells
within the test group fed with pLV-GDNF astro-CM
(Fig. 4C): apoptotic cells reached from average 38.5% in
untreated control populations to an average 24% after
feeding them with S-200 of pLV-GDNF astro-CM, indicat-
ing over 14% reduction (Fig. 4C (P<0.0001; LSD
comparisons test)). This later group showed significantly
lower rate of apoptotic morphology even compared with the
cells that received either S-50 or S-100 of pLV-GDNF
astro-CM (P<0.0.001). Compared to untreated and pLV-
Jred control groups, the cells that received S-100 of pLV-
GDNF astro-CM also showed significantly lower percent of
apoptotic cells (Fig. 4C (P<0.05)).

Table 1 Levels of GDNF present in serial volumes of astro-CM

Astro-CM volumes (μl)

50 100 200 250 300 400 500 600 700 800 900 1,000

Plain (pg) ND 10±3 17±2 22±3 28±5 32±3 38±8 40±4 43±6 47±4 53±9 58±8

pLV-Jred (pg) ND 9±4 21±2 24±3 29±6 34±6 41±5 41±8 42±5 45±8 51±8 56±12

pLV-GDNF (pg) 112±8 215±4 453±10 542±11 673±9 890±15 1,174±24 1,343±25 1,612±22 1,698±23 1,967±28 2,192±25

Each figure of GDNF concentration represents the average of three independent ELISA assays carried out in triplicate wells of a 96-well plate
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Reduction of SK-N-MC Cell Survival Rate with Increasing
Volumes of Astro-CM

We treated SK-N-MC cells with increasing volumes of astro-
CM collected from pLV-GDNF astrocytes and examined cell

survival. Addition of higher than S-200 (with 453±10 pg
GDNF) and up to S-500 (with 1,174±24 pg GDNF) protected
the cells to a similar rate without further increase of cell
viability; there was even some decline in survival rate
when S-600 (with 1,343±25 pg GDNF) was used (Fig. 5A).
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Fig. 4 The effect of astro-CM on SK-N-MC cell survival. A Survival
rate measured by MTT viability assay. Each column represents the
average of three or more independent experiments carried out in
triplicates. All neuronal cell groups were treated with 100 μM 6-
OHDA for 48 h as described in “Materials and methods.” B A
representative microscopic image of cells stained with Hoechst and
displaying apoptotic morphologies. The inlet shows two cells with
either condensed or fragmented nuclei. C Measurement of apoptotic
morphologies. Each column represents the average of three or more
independent experiments carried out in triplicates and as described in
“Materials and methods.” For Fig. 4A, C, differences were statistically

analyzed within each of three SK-N-MC cell groups (those that
received astro-CM from plain, pLV-Jred, or pLV-GDNF astrocytes),
and between them. As a result, differences in percent of survival as
well as the number of apoptotic morphologies between untreated cells
and cells treated with various volumes of astro-CM within each cell
group (*P<0.05; **P<0.01; ***P<0.001). Differences between cells
treated with 100 and 200 μl astro-CM (###P<0.001). Comparing
two cell groups, differences between SK-N-MC cells treated with
50, 100, and 200 μl astro-CM of pLV-Jred astrocytes, and the cells
treated with the equivalent volumes of pLV-GDNF astrocytes (×P<
0.05; ×××P<0.001)
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Fig. 5 The impact of GDNF overload on SK-N-MC cell survival.
A Survival rate measured by MTT viability assay. Each curve
represents the average of three or more independent experiments
carried out in triplicates. All neuronal cell groups were treated with
100 μM 6-OHDA for 48 h as described in “Materials and methods.”
In pLV-GDN group, statistical differences in percent of survival
between cells treated with 200 μl astro-CM and those treated with
400 μM astro-CM. See text for detailed analyses (***P<0.001). B
Measurement of apoptotic morphologies. Each column represents

the average of three or more independent experiments carried out in
triplicates and as described in “Materials and methods.” Statistical
differences in the number of apoptotic morphologies between
untreated cells and cells treated with various volumes of astro-CM
within each cell group (***P<0.001). Comparing two cell groups,
differences between SK-N-MC cells treated with 50, 100, and 200 μl
astro-CM of pLV-Jred astrocytes, and the cells treated with the
equivalent volumes of pLV-GDNF astrocytes (×P<0.05; ××P<
0.01; ×××P<0.001)
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Survival rate was sharply declined when we applied S-700
containing 1,612±22 pg GDNF, and only 68±2.6% of the
cells survived when S-800 containing 1,698±23 pg GDNF
was applied (Fig. 5A). As a result, the differences of survival
between cells that received S-200 and those receiving S-700
or beyond were highly significant (P<0.001; LSD compar-
isons test). Moreover, the differences of survival between
cells that received S-700 and those receiving S-800 (with
1,698±22 pg GDNF) or beyond were highly significant
(Fig. 5A (P<0.0001; LSD comparisons test)). Despite these
changes and regardless of astro-CM volumes, survival rate
remained significantly higher in all test cell groups compared
with their control counterparts (Fig. 5A (P<0.001)).

Reduction of Cell Survival Rate Monitored by Morphological
Changes In the presence of S-600 or beyond taken from
pLV-GDNF astrocytes, formation of apoptotic cell mor-
phology was accelerated (Fig. 5B): the percentage of cells
with shrunken nuclei increased from 16% in cell groups
grown with S-200 to 22% (P<0.01) and 29% (P<0.001) in
the groups that received, respectively, S-600 and S-700
(Fig. 5B). Similarly, treatment with S-800 to S-1000
significantly raised the rate of apoptotic cells in comparison
to S-200-treated cell populations (Fig. 5B (P<0.001)).

Despite the changes outlined above, comparison be-
tween pLV-GDNF test group and control groups (untreated
and pLV-Jred) once again revealed reduced rates of
apoptotic morphologies within the test group. This differ-
ence was highly significant when equivalent volumes of
astro-CM for each pair were compared (Fig. 5B (P<0.001;
LSD comparisons test)). These findings are in line with the
data shown in Fig. 5A that in the presence of any given
pLV-GDNF volume tested, cell viability remained higher
than any control cell group.

Inverse Correlation Between Survival Rate and Astro-CM

To explore details of reverse relationships between
survival rate and astro-CM volumes, we also carried out
a regression analysis. We found that the linear regression
coefficient is nonsignificant for control cells treated with
astro-CM of pLV-Jred controls, whereas it was highly
significant for the cells treated with astro-CM of pLV-
GDNF astrocytes (P<0.0001). This major difference is
represented by a sharp reduction in survival rate (see
Fig. 5A) that occurred concomitant with increased astro-
CM volumes. The relationship between survival rate and
astro-CM volume was also analyzed by nonlinear quadratic
regression and found significant for our test samples treated
with pLV-GDNF medium compared with controls treated
with plain or pLV-Jred media (P<0.008). This analysis
further produced the following prediction equation that

allows SK-N-MC survival rate to be calculated with any
given volume of astro-CM:

% Survival ¼ 85:968� 0:0336 astro� CM volumeð Þ
� 0:00002 astro� CM volumeð Þ2

In which the linear as well as quadratic regression
coefficient inversely correlate with survival rate.

Discussion

In this study, we successfully cloned the coding sequence of
GDNF from RNA extracts of mouse kidney. We then
generated a recombinant lentivirus vector in which the GDNF
cDNA was placed in IRES with the Jred cDNA. This virus
vector was applied to transduce astrocytes which stably co-
expressed GDNF and Jred for a long period of time. RT-PCR
analysis showed clear overexpression of GDNF mRNA in
transduced cells, the results that were confirmed at protein
levels by ELISA. When SK-N-MC neuroblastoma cells were
treated with the medium that we collected from growing
transduced astrocytes, the neuronal cells exhibited increased
resistance to 6-OHDA-mediated toxicity. Finally, GDNF
oversupply by increased volumes of astro-CM not only failed
to further increase neuronal cell viability, but it adversely
affected cell survival. These changes were confirmed in
parallel by formation of apoptotic morphologies.

Astrocytes as GDNF-Secreting Minipumps

For cell-gene delivery purposes, the GDNF coding se-
quence has been ligated to lentivirus, AAV, and adenovirus
vectors or integrated into the genome of host cell lines or
CNS primary cultures (Akerud et al. 2001; Cunningham
and Su 2002; Capowski et al. 2007). Astrocytes are natural
in vivo suppliers of a cohort of protecting molecules
including neurotrophic factors as well as glutathione to
neurons and, among other cell candidates, have been
genetically transduced in vitro to deliver GDNF (Zhao et
al. 2004; Duan et al. 2005; Ericson et al. 2005; Pertusa et al.
2007; Galan-Rodriguez et al. 2008). In our study, we took
the advantage of lentiviruses as efficient gene transfer
vectors and astrocytes as minipumps for GDNF supply. The
combination of these two tools allowed stable overexpres-
sion of the GDNF gene and secretion of the recombinant
protein for optimization studies.

Stability of GDNF Gene Expression Using Lentivirus
Vectors

We used Jred protein expression as an early indicator of
virus integrity and transgene expression as well as an
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estimation of expression levels. Reporter protein expression in
our work was indeed useful for tracing the stability of
transgene expression weeks after transduction of astrocytes.
In our previous study, GDNF overexpression was examined
by primary astrocytes within 3 weeks post-infection (Sandhu
et al. 2009). In the current report, we used an astrocytoma
cell line to ensure tracing of expression in longer time
periods. So, examinations at 16 weeks post-infection showed
that overexpression is still in place with GDNF mRNA
levels similar to those at 2 weeks post-infection (Fig. 3A). In
order to determine protein levels, we used a sensitive ELISA
assay and detected an average of 2.2 ng/mL GDNF in the
medium of growing pLV-GDNF-infected astrocytes
(Fig. 3B). This is comparable to the level we have reported
using primary astrocytes (Sandhu et al. 2009).

Application of Conditioned Medium for Neuroprotection

Our previous report further reiterated the supporting role of
astrocytes, engineered to pump out GDNF, on DAergic
cells in a co-cultured system (Sandhu et al. 2009). Co-
culture methods promote direct astrocyte-neuron cross-talks
that are critical for neuronal support (Brown 1999; Mena et
al. 2002). However, due to these global cross-talks, co-
cultures are not suitable for measuring direct impacts of
each secreted effector molecule on neurons. One solution is
to use astrocytic conditioned medium that allows monitor-
ing function of single factors and dissecting their signaling
pathways (Yoshida et al. 1995; Dhandapani et al. 2003; Zhu
et al. 2006; Ding et al. 2009; Arai and Lo 2010). It also
allows detection of possible synergism between its compo-
nents and factors expressed within neurons, as shown in our
recent study (Gardaneh et al. 2011). Therefore, we used the
astro-CM method that allowed monitoring positive and
adverse effects of GDNF on neuronal cell survival:

Significant Protection by pLV-GDNF

Limited volumes of astro-CM from plain or pLV-Jred
astrocytes increased survival rate of SK-N-MC cells only by
10%. This basal level of neuronal support is expected from
astrocytic media that naturally contain a range of growth factors
and GSH components (Dringen and Hirrlinger 2003). Howev-
er, more pronounced increases in survival rate were detected
when equal astro-CM volumes from pLV-GDNF astrocytes
were added to the SK-N-MC: up to 33% that was highly
significant compared with non-treated controls (Fig. 4A).

Too Little Protection with Too Much GDNF

Our data show that GDNF overload is unable to protect
neurons from toxicity and could further deteriorate their
degeneration status. As evident from Fig. 6, up to 600-μl

volumes of astro-CM bearing up to 1,400 pg GDNF kept
cell survival rate as high as 80%. However, survival rate
was reduced as we applied higher volumes so that it
reached to below 68% in the presence of 800 μl astro-CM
containing 1,700 pg GDNF. In comparison, the decline in
survival rates in control groups was insignificant. This
indicates that GDNF oversupply is largely to blame for
reversal of protection and other components secreted by
astrocytes do not play a major role in this decline.

Changes in survival rate matched with changes in
apoptotic morphology formation. The increased number of
apoptotic cells indeed reflected reduction in cell survival
rates whereas improved rates of survival were confirmed by
reduced number of apoptotic cells (Figs. 4C and 5B).

Regression Equation for GDNF Optimization

There was a sharp decline in cell survival rate when high
GDNF concentrations were applied to the cells (Fig. 5A).
As our analysis confirmed, this major shift showed that
regression coefficient between survival rate and GDNF
levels is highly significant in our test samples compared
with controls indicating that optimized GDNF levels can be
critical in neuroprotection. Analysis of our data also
produced an equation that predicts survival rate of SK-N-
MC cells treated with any given volume of astro-CM. This
prediction can be used to optimize GDNF levels required
for maximum protection of neurons.

In summary, we cloned the coding sequence of mouse
GDNF from kidney RNA extracts and generated a recombi-
nant lentivirus vector that allowed steady stable overexpres-
sion of the gene in astrocytes. The astrocytic conditioned
medium was applied to protect DAergic cells from selective
neurotoxicity. Our data indicate that GDNF content in the
medium has profound impacts on such protection. A threshold
for GDNF concentrations was determined beyond which the
SK-N-MC cells can no longer be protected effectively.
Finally, we introduced a prediction equation that, by estimat-
ing the survival rate, would assist optimizing GDNF concen-
trations required for maximum protection. Similar studies on
other DAergic cell lines as well as primary cultures from
ventral mesencephalon will determine optimized levels of
GDNF and elucidate detailed mechanism of adverse GDNF
action with ultimate goal of maximizing protection in vivo.
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