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Glial cell line-derived neurotrophic factor (GDNF) pro-
motes the survival and functions of neurons. It has been
shown to be a promising candidate in the treatment of
ischemia and other neurodegenerative diseases. We
transfected mouse astrocytes in primary cultures with a
human GDNF gene and found that their conditioned me-
dium could not only support the growth and survival of
cultured dopaminergic neurons but also protect astro-
cytes from staurosporine- and ischemia-induced apo-
ptosis. This indicated that these transfected astrocytes
could release GDNF. A similar protective effect on astro-
cytes against apoptosis was evident when recombinant
human GDNF was used. Moreover, GDNF reduced cas-
pase-3 activity but not that of caspase-1 in cultured
astrocytes after ischemia treatment. Thus, GDNF pro-
tects astrocytes from apoptosis by inhibiting the activa-
tion of caspase-3. VVC 2007 Wiley-Liss, Inc.
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Glial cell line-derived neurotrophic factor (GDNF)
belongs to the GDNF family of neurotrophic factors,
promoting the survival and functions of various neuronal
populations in the peripheral and central nervous systems
(Airaksinen and Saarma, 2002). GDNF was originally
isolated because of its ability to promote the survival and
differentiation of dopaminergic (DA) neurons in primary
cultures of embryonic ventral midbrain (Lin et al.,
1993). The effects of GDNF on DA neurons in mid-
brain cultures are potent and relatively specific, including
enhancing DA cell population, promoting dopamine
uptake, changing both cell size and neurite length,
improving survival, and reducing apoptosis (Airaksinen

and Saarma, 2002). GDNF also has neurotrophic effects
on motor neurons (Zhao et al., 2004; Parsadanian et al.,
2006), sensory neurons (Buj-Bello et al., 1995; Trupp
et al., 1995), noradrenergic neurons (Arenas et al.,
1995), and basal forebrain cholinergic cells (Yan and
Matheson, 1995; Williams et al., 1996). The neurotro-
phic and protective effects of GDNF on neuronal cells
make GDNF a promising therapeutic candidate for gene
and cell therapy for treatments of Parkinson’s disease
(PD; Burton et al., 2003), amyotrophic lateral sclerosis
(ALS; Manabe et al., 2003), and other neurodegenerative
diseases (Alberch et al., 2002).

Previously, we demonstrated that the GDNF gene
could be delivered into astrocytes at a high efficiency
rate via the technique of multiple liposome-mediated
transfection, or multilipofection (Wu et al., 2000).
Transfected astrocytes were then shown to be able to
secrete GDNF effectively (Wu et al., 2000). Recently,
other research groups have demonstrated that over-
expression of GDNF in transgenic astrocytes promotes
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survival of neurons (Cunningham and Su, 2002; Zhao
et al., 2004; Parsadanian et al., 2006). Thus, transgenic
astrocytes were identified as feasible carriers for deliver-
ing specific gene products to the brain by means of
transplantation. Interestingly, there is a lack of investiga-
tion on whether GDNF, in addition to protecting neu-
rons, also protects astrocytes from injury.

We have shown that astrocytes in primary culture
would undergo apoptosis after ischemic insult (Yu et al.,
2001, 2002, 2003; Chen et al., 2005a). In this study, we
confirmed that the GDNF secreted from our transgenic
astrocytes (Wu et al., 2000) is functional in the aspect of
promoting DA neuronal growth. We further investigated
the effect of this GDNF in protecting astrocytes from
apoptosis.

MATERIALS AND METHODS

Primary Culture of Cerebral Cortical Astrocytes

Cerebral cortical astrocytes were prepared from new-
born ICR mice as previously described (Yu et al., 2001,
2002, 2003; Chen et al., 2005a,b). The resulting cell suspen-
sion was seeded in 35-mm Falcon tissue culture dishes
(Becton Dickinson Labware) at a density of 4 3 105 viable
cells per dish. All cultures were incubated in a 95% humidified
incubator (Precision Scientific Inc.) at 378C with 5% CO2.
The culture medium was changed at 3–4-day intervals with
Dulbecco’s modified essential medium (DMEM) containing
10% (v/v) fetal calf serum (FCS) for the first 2 weeks and 7%
(v/v) FCS thereafter. The purity of astrocyte culture was over
95% as determined by glial fibrillary acidic protein (GFAP)
staining.

Transfection of Human GDNF in Astrocytes

The gene encoding a human GDNF (hGDNF) was
cloned into the mammalian expression vector pcDNA3 (Invi-
trogen, San Diego, CA). Astrocytes were transfected through
the use of an optimized multilipofection method, with 1.5 mg
hGDNF/pcDNA3 and 3 ml Lipofectin (1 mg/ml; GibcoBRL,
Life Technologies, NY), which would yield maximal transfec-
tion efficiency as previously described (Wu et al., 2000). In
this study, young cultured astrocytes (2 days old) were used
instead of cultures more than 3 weeks old. After each lipofec-
tion, cells were allowed to recover for 12 hr in fresh DMEM
containing 10% (v/v) FCS. In total, lipofection was repeatedly
performed four times in some cultures.

After multitransfection, culture medium tentatively con-
taining GDNF was collected as GDNF-conditioned medium
(GDNF-CM). Similarly, vector-only (transfected with 1.5 lg
pcDNA3 DNA)-conditioned medium (vector-CM) and me-
dium from nontransfected cells (UT-CM) were also collected.

Primary Culture of Embryonic Mesencephalic
DA Neurons

Midbrain neuronal primary cultures were prepared from
E15 rat mesencephalon as previously described (Shimoda
et al., 1992), but with minor modifications. Briefly, the fetal
brainstem was isolated free of meninges, and the mesence-
phalic dopaminergic region (MDR) was dissociated in Ca2þ-

and Mg2þ-free Hank’s medium (GibcoBRL, Life Technolo-
gies) containing 0.25% trypsin at room temperature for 10
min with constant shaking. FCS was added to the dissociation
mixture to a final concentration of 10% (v/v), and centrifuga-
tion of this mixture was carried out for 5 min at 190g. After
resuspension of the cell pellet with serum-free neuronal me-
dium, the suspension was filtered through a 70-lm sterile
Mesh Nylon filter (Spectrum Laboratories Inc.). Neuronal
medium was similar to DMEM except that the concentration
of glucose increased from 7.5 to 30 mM and the neuronal
medium was without glutamine. Finally, glutamine was added
freshly to a concentration of 2 mM. The filtered cells were
subsequently seeded in a poly-D-lysine (Sigma Chemical Co.,
St. Louis, MO)-coated 24-well plate (Nunc) at a density of
7.5 3 104 cells/cm2 in 500 ll 10% FCS-neuronal medium.
Cells were incubated at 378C in 5% CO2 for 30 min, and
medium was replaced by neuronal medium containing freshly
added 10% FCS.

Immunostaining of Embryonic Mesencephalic
DA Neurons

Neuronal medium (400 ll) mixed with 100 ll GDNF-
CM (or vector-CM, or UT-CM) was used to replace the
media in the wells, in which the DA neurons were grown.
Cells in regular growth medium without any treatment served
as negative controls. After culturing for 7 days, the mesence-
phalic DA neurons were washed twice with PBS and then
fixed with 4% paraformaldehyde at room temperature for
20 min. They were then neutralized with 0.1 M glycine and per-
meabilized with 0.1% Triton X-100. Cells were subsequently
incubated with monoclonal antityrosine hydroxylase (TH)
antibody (1:5 dilution; Boehringer, Mannheim, Germany) at
room temperature for 1 hr, followed by incubation with a flu-
orescein isothiocyanate (FITC)-conjugated anti-mouse IgG
antibody (1:20 dilution; Boehringer). Immunoreactivity for
TH was visualized with a confocal microscope (Bio-Rad,
Hercules, CA). The TH-positive cells were determined by
counting the number of TH-positive neurons in five random
fields under a fluorescent microscope (Axiophot; Zeiss).

Ischemia Model

Ischemia was induced in cultured astrocytes by using an
anaerobic chamber (model 1029; Forma Scientific Inc.),
according to previously described procedures (Lau and Yu,
2001; Yu et al., 2001, 2002, 2003; Chen et al., 2005a,b).
After ischemic treatment, normoxic DMEM (2 ml) was added
to the cultures, which were then kept at 378C in 5% CO2 for
various periods, followed by terminal deoxynucleotidyl trans-
ferase-mediated digoxigenin-dUTP nick end labeling
(TUNEL) assay. Control cultures in normoxic DMEM were
incubated in parallel, but in a normoxic CO2 incubator.

GDNF Treatment to Astrocytes Prior to
Staurosporine Treatment

Cultured astrocytes (4–5 weeks old) were incubated in
10 ll GDNF-CM (mixed with 990 ll 10% FCS-DMEM),
1 ml GDNF-CM, 1 ml vector-CM, or recombinant human
GDNF (rhGDNF; 100 ng in 1 ml 10% FCS-DMEM) for
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3 hr at 378C in 5% CO2. Thereafter, cells were treated with
1 lM staurosporine (STS; Sigma) for 24 hr to induce apopto-
sis. To stain apoptotic nuclei, Hoechst 33342 (Sigma) was
added into the culture medium at a final concentration of
1 lg/ml for 10 min before STS treatment ended. Cells were
examined under a fluorescent microscope (Axiophot). Simi-
larly, cultured astrocytes (4–5 weeks old) were incubated in
1 ml GDNF-CM, rhGDNF (100 ng in 1 ml 10% FCS-
DMEM), 1 ml vector-CM, or 1 ml UT-CM for 6 hr before
STS treatment. Untreated astrocyte cultures served as controls.

TUNEL and Hoechst Double Labeling

Apoptotic profiles were analyzed by a nonisotopic
TUNEL technique based on the nucleosomal fragments gen-
erated by apoptosis-induced endonuclease cleavage (Gavrieli
et al., 1992). An In Situ Cell Death Detection Kit (Boeh-
ringer) was used to perform the TUNEL experiment after is-
chemic treatment of astrocyte cultures as described previously
(Yu et al., 2001). Hoechst 33342 (1 lg/ml) was used in paral-
lel to confirm apoptotic nuclei.

Measurement of Caspase Activity

After ischemic treatment, astrocyte cultures were
allowed to recover in normoxia for 4 hr (postischemia incuba-
tion) and were subsequently washed twice with 2 ml chilled
PBS. After addition of 200 ll PBS, the cells were collected
with a cell scraper and subjected to centrifugation at 450g for
5 min at 48C. The caspase activity in astrocytes was measured
by a CaspACE Assay System (Promega, Madison, WI),
according to the manufacturer’s instructions.

Western Blot Analysis

Soluble crude protein samples were prepared by centrif-
ugation of the collected CM at 15,000g for 5 min at 48C.
Protein samples from ischemia-treated astrocytes were pre-
pared by an ice-cold phosphate-buffered saline (PBS) wash,
followed by cell lysis in 200 ll lysis buffer containing 20 mM
Tris-HCl (pH 7.6), 150 mM NaCl, 0.1% Triton X-100,
0.1 mM phenylmethylsulfonyl fluoride, 0.7 lg/ml leupeptin,
and 0.5 g/ml pepstatin. After being chilled on ice for 20 min,
the cell lysate was centrifuged at 13,000g for 10 min at 48C.
The subsequent supernatant from cell lysis and the supernatant
(20 ll) from each CM were resolved on a 12.5% reducing
SDS-polyacrylamide gel. Western blot analysis was performed
as previously described (Wu et al., 2000; Jiang et al., 2002;
Yu et al., 2003). GDNF was detected by using an anti-GDNF
antibody conjugated with horseradish peroxidase (HRP;
1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA). The
Western blot signals were visualized with an electrochemilu-
minescent (ECL) detection system (Amersham Pharmacia Bio-
technology).

Statistical Analysis

All data in this paper were computed to give values of
mean 6 SEM from at least three individual experiments and
analyzed by ANOVA. Statistical significance was defined as
P < 0.05.

RESULTS

GDNF Expression in Astrocytes After
Multilipofection

An hGDNF gene was transfected into 2-day-old
cultured astrocytes via multiple liposome-mediated trans-
fection—or multilipofection—and CM was analyzed by
Western blot 48 hr after multilipofection. The parame-
ters for multilipofection into astrocytes were optimized
for maximal transfection efficiency without causing tox-
icity or cell disturbance, as previously described (Wu
et al., 2000). The hGDNF protein (�20 kDa) could be
detected in CM from GDNF-transfected astrocyte cul-
tures with 1-lipofection (Fig. 1). Other primary cultures
of astrocytes were then subjected to increasing times of
lipofections—twice (2-), thrice (3-), and quartic (4-)—
resulting in increasing levels of hGDNF in the CM of
the astrocytes. The level of hGDNF in CM stably
expressed by the astrocytes peaked at 4-lipofection for at
least 2 days, after which the GDNF protein levels started
to decrease in the CM but remained at a detectable level
2 weeks after the last transfection.

The amount of GDNF in CM increased progres-
sively with the number of lipofections (from 1- to 4-;
Table I). Levels of GDNF in CM of cultures subjected
to 1-, 2-, 3-, and 4-lipofections exceeded that in the
UT-CM by �90%, �576%, �1,099%, and �1,285%,
respectively. Furthermore, compared with 1-lipofection,
2-, 3-, and 4-lipofections increased GDNF levels in the
CM by �255%, �530%, and �628%, respectively.

Effect of GDNF on Growth and Morphology of
DA Neurons

We used the CM from the transfected astrocytes to
incubate DA neurons in culture to confirm the biologi-
cal and functional activity of this released GNDF protein
in CM. Figure 2b shows the DA neurons cultured in
vector-CM. They were TH-positive cells visualized by
monoclonal anti-TH antibody and FITC-conjugated
anti-mouse antibody labeling. When DA neurons were

Fig. 1. GDNF levels in culture medium after 1-, 2-, 3-, and 4-lipo-
fections. GDNF-CM and vector-CM (negative control) from trans-
fected astrocytes were analyzed by Western blot to detect the pres-
ence of GDNF 48 hr after 1-, 2-, 3-, and 4-lipofections. A prestained
protein standard was used as the molecular weight marker, and the
rhGDNF protein (2 lg/well) was loaded as the positive control.
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grown in the presence of GDNF-CM from astrocytes
with 4-lipofections of GDNF gene for 7 days, their cell
bodies became larger (Fig. 2c) and exhibited much lon-
ger neurites (Fig. 2a) than the DA neurons grown in the
CM from astrocytes with 4-lipofections with vector only
(vector-CM; Fig. 2b). The neurotrophic effect of
GDNF-CM on DA neurons is best demonstrated by the
TH-positive cells, which refer to the average number of
TH positive neurons counted in five random fields per
well under a fluorescence microscope (Table II). The
TH-positive cells for DA neurons grown in UT-CM
and vector-CM were 162 6 74 and 160 6 77, respec-
tively, whereas the TH-positive cells for DA neurons
grown in GDNF-CM were 320 6 66 (Table II). The
results demonstrated that GDNF released from GDNF-
transfected astrocytes processed the neurotrophic effects.
The apparent data may have been significant if the
experiment had been repeated several times or if more
random fields were counted.

Effect of GDNF on STS-induced
Apoptosis in Astrocytes

We previously used STS to induce apoptosis in
astrocytes (Yu et al., 2001). After treatment with 1 lM
STS for 24 hr, the culture disintegrated (Fig. 3a), and
many astrocytes underwent apoptosis with condensed
nucleus as revealed by Hoechst staining (Fig. 3f). Pre-
treatment of astrocytes with the rhGDNF (Fig. 3c,h) or
1 ml GDNF-CM (Fig. 3e,j) for 3 hr prior to STS treat-
ment exerted some protection by reducing the extent of
apoptosis. However, pretreatment with 1 ml vector-CM
(Fig. 3b,g) or 10 ll GDNF-CM (Fig. 3d,i) resulted in
an amount of condensed nuclei similar to that observed
in cultures receiving no pretreatment (Fig. 3a,f). Table
III summarizes the protective effect of GDNF on astro-
cytes against STS-induced apoptosis. The extent of apo-
ptosis was measured by calculating the percentage of cells
with condensed nucleus vs. the total number of cell
count. Astrocytes pretreated with GDNF exhibited sig-
nificantly (P < 0.05) fewer apoptotic cells than cells
receiving no pretreatment prior to STS treatment.

Effect of GDNF on Ischemia-Induced
Apoptosis in Astrocytes

Astrocytes displayed apoptotic characteristics signi-
fied by Hoechst-stained condensed nucleus 3 hr after is-

chemic insult (Fig. 4f). With the exception of a few
cells, most of the Hoechst-stained condensed nuclei
were also positive to the TUNEL assay (Fig. 4f,h). Pre-
treating astrocytes for 6 hr with 1 ml GDNF-CM (Fig.
4d) or 100 ng of rhGDNF as positive control (Fig. 4e)
prior to ischemic insult resulted in a markedly lower

TABLE I. Levels of GDNF in the Culture Medium After Multilipofection of Astrocytes in Primary Cultures*

Untransfected

control

Time of lipofection Time after 4-lipofection

1- 2- 3- 4- 1 week 2 weeks

GDNF

level (ADU)

98.6 6 17.08 187.6 6 12.61 677.2 6 84.47a 1182.6 6 107.71a 1365.4 6 80.07a 224.2 6 25.97b 183 6 17.33b

*ADU, arbitrary densitometric unit; 1, lipofection one time; 2, lipofection two times; 3, lipofection three times; 4-, lipofection four times; data from

five different experiments and expressed as mean 6 SEM.
aSignificantly different from GDNF level after 1-lipofection.
bSignificantly different from GDNF level 48 hr after 4-lipofection(ANOVA; P < 0.05).

Fig. 2. Effect of GDNF on the morphology of TH-positive DA
neurons. DA neuron cultures were incubated in GDNF-CM (a) or
in vector-CM (b) for 7 days, followed by immunostaining for tyro-
sine hydroxylase (TH). The appearance of DA neuron is shown in a
and b, whereas c indicates the outline of the soma of the TH-posi-
tive neurons in a (the lower outline) and b (the upper outline) for
easy comparison of their soma size. Scale bars ¼ 50 lm. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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number of Hoechst- and TUNEL-positive cells than
cells pretreated with UT-CM (Fig. 4b,g,l) or vector-CM
(Fig. 4c,h,m). The proportion of Hoechst- and
TUNEL-positive cells 24 hr after ischemia is summar-
ized in Table IV. The GDNF-CM or rhGDNF pretreat-
ment led to, at least, a 2.5-fold reduction in Hoechst-
and TUNEL-positive cells compared with cells receiving
no GDNF pretreatment (Table IV). The significant
reduction (P < 0.05) in apoptotic cell number under is-
chemia in cultures with GDNF treatment demonstrates
that GDNF could protect astrocytes against ischemia-
induced apoptosis.

Effect of GDNF on Caspase-3 Activity
in Ischemic Astrocytes

The activities of caspase-1 and caspase-3 were
determined in astrocytes with and without 3 hr ischemia
and 4 hr postischemic recovery. Some of the ischemic
astrocytes were also pretreated with rhGDNF. Figure 5a
indicates that the caspase-1 activity in astrocytes was not
affected by the treatments. In contrast, the caspase-3 ac-
tivity was elevated by over 100% (P < 0.05) in astro-
cytes with a 3-hr ischemia and a 4-hr postischemia re-
covery (Fig. 5b). Interestingly, this caspase-3 activity was

Fig. 3. Effect of GDNF on STS-induced apoptosis in cultured astro-
cytes. Prior to STS treatment, cultured astrocytes were pretreated
with various conditioned media. The extent of apoptosis was visual-
ized under a phase-contrast microscope (upper panels) and by
Hoechst staining (lower panels). Cultures with no pretreatment
(normal control, a,f) exhibit greater number of condensed nuclei

than those pretreated with 100 ng rhGDNF (c,h) or 1 ml GDNF-
CM (e,j) after exposure to STS. On the contrary, cultures pretreated
with 1 ml vector-CM (b,g) or 10 ll GDNF-CM (d,i) display an
extent of condensed nuclei similar to that in a. Scale bar ¼ 20 lm.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

TABLE II. Neurotrophic Effect of GDNF on DA Neurons as Demonstrated by TH-Positive Cells

Treatment with conditioned medium

No treatment (n ¼ 5) UT-CM (n ¼ 5) Vector-CM (n ¼ 5) GDNF-CM (n ¼ 5)

Mean THþ cellsa 185 6 53 162 6 74 160 6 77 320 6 66b

aMean THþ cells are determined by averaging the number of THþ neurons counted in five random fields under a fluorescent microscope.
bSignificantly different from DA neurons with no treatment (ANOVA; P < 0.05). Data were expressed as mean 6 SEM; n equals to number of

cultures.

TABLE III. Effect of GDNF on Hoechst-Positive Astrocytes After STS-Induced Apoptosis

No pretreatment

control (n ¼ 5)

Vector-CM

(n ¼ 5)

rhGDNF

100 ng (n ¼ 6)

GDNF-CM

10 ll (n ¼ 5)

GDNF-CM

1 ml (n ¼ 6)

Percentage

Hoechstþ cellsa
17.3 6 2.8 16.7 6 2.5 12.4 6 1.6b 14.6 6 2.7 7.1 6 1.2b

aPercentage Hoechstþ cells is determined by counting the total number of THþ cells vs. number of Hoechstþ cells. Data are shown as mean 6 SEM;

n refers to the number of cultures.
bStatistically different from the No pretreatment control (ANOVA; P < 0.05).
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reduced by about 50% (P < 0.05) in ischemic astrocytes
pretreated with GDNF (Fig. 5b). This indicated that
GDNF protects astrocytes from apoptosis under ischemia
by reducing caspase-3 activity.

DISCUSSION

GDNF in rat functions as a homodimer with mo-
lecular weight ranging between 33 and 45 kDa (Lin
et al., 1994), depending on the extent of glycosylation.

The actual molecular weight of the hGDNF in CM pro-
duced by the transfected astrocytes in this study is
approximately 20 kDa, indicating a consistent size range
for the expressed GDNF monomer, as reported previ-
ously (Lin et al., 1993; Wu et al., 2000). In this study,
we have confirmed that the hGDNF synthesized and
released by transfected astrocytes in primary culture
exerts biological functions, as shown in its support of the
survival and growth of DA neurons in culture.

Fig. 4. a–o: Effect of GDNF on ischemia-induced apoptosis in cul-
tured astrocytes. Astrocytes were pretreated with rhGDNF or
GDNF-CM prior to ischemic exposure. Apoptosis was revealed by
the Hoechst and TUNEL staining, and the astrocytes were observed
under a phase-contrast microscope (upper panels) and fluorescent
microscope (middle and lower panels). Astrocytes visualized by
Hoechst stain (middle panels) are also detected by the TUNEL assay
(lower panels), except for a few astrocytes (in f and h, indicated by

arrows). Cultures with no pretreatment (normal control) exhibit
higher number of condensed nuclei than cultures pretreated with 1
ml GDNF-CM (d,i,n) or 100 ng rhGDNF (e,j,o) after ischemic
insult. In contrast, cultures pretreated with 1 ml UT-CM (b,g,l) or 1
ml Vector-CM (c,h,m) display extent of condensed nuclei similar to
that in a. Scale bar ¼ 20 lm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

TABLE IV. Effect of GDNF on Hoechstþ or TUNELþ Astrocytes 24 Hr After 3 Hr of Ischemic Insult

No pretreatment

control (n ¼ 5)

UT-CM

(n ¼ 5)

Vector-CM

(n ¼ 5)

GDNF-CM

(n ¼ 5)

rhGDNF

(n ¼ 6)

Percentage Hoechstþ cellsa 25.1 6 1.0 24.2 6 4.2 23.5 6 1.2 10.2 6 0.8b 6.3 6 1.9b

Normal/Hoechstþ (cell number)c 2,050/706 1,951/563 2,047/619 2,463/292 2,937/203

Percentage TUNELþ cellsa 22.4 6 1.8 21.6 6 3.0 21.2 6 1.4 8.4 6 1.2b 5.0 6 1.0b

Normal/TUNELþ (cell number)c 2,050/612 1,951/498 2,047/546 2,463/242 2,937/159

aPercentage Hoechstþ or TUNELþ cells determined by counting the total number of THþ vs. the number of Hoechstþ or TUNELþ cells, respec-

tively. Data are shown as mean 6 SEM; n refers to the number of cultures.
bStatistically different from the No protreatment control (ANOVA; P < 0.05).
cThe cell numbers are counted in five random fields of each dish. The length of the field is about 132 lm.
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It is known that the levels of GDNF mRNA and
protein could be elevated in cultured astrocytes when
exposed to inflammatory cytokines (Appel et al., 1997),
kainate and glutamate (Ho et al., 1995), fibroblast
growth factor (Suter-Crazzolara and Unsicker, 1996),
apomorphine (Li et al., 2006), and valproate (Chen
et al., 2006). We have shown, in this study and in our
previous study (Wu et al., 2000), transgenic GDNF
expression and elevated intracellular GDNF, which is
then released into the culture medium. This GDNF in
CM not only supports neuronal growth but also protects
astrocytes from STS- and ischemia-induced apoptosis.
This also revealed that the GDNF therapeutic effects
observed in ischemic brain (Harvey et al., 2005) also
embrace astrocytes. Therefore, GDNF produced by
astrocytes serve two purposes: an autocrine effect in pro-
tecting itself and a paracrine effect on neighboring astro-
cytes and neurons.

GDNF-reduced apoptosis in ischemic astrocytes
was through a reduction of caspase-3 activity but not
caspase-1. It is known that both the caspases are elevated
in the CNS under ischemia (Kitagawa et al., 1998), and
GDNF treatment would reduce the two caspases in the
infarct tissues (Kitagawa et al., 1998; Harvey et al.,

2005). However, in this study, the lack of effect of
GDNF on caspase-1 activity in ischemic astrocytes might
indicate some variants in neuronal and astrocytic
response to GDNF, an issue requiring future clarifica-
tion. GDNF is known to exert its protective effect
through a multicomponent receptor complex composed
of the tyrosine kinase product of c-Ret and the ligand-
binding protein GDNF receptor (GFR; Sariola and
Saarma, 2003). Ret was detected in astrocytes (Naka-
mura et al., 1994), but GFRa1 was once thought not to
exist in astrocytes (Walker et al., 1998). Bresjanac and
Antauer (2000) have reported the existence of GFRa1
in reactive astrocytes. Hauck et al. (2006) also reported
GFRa1 and Ret expression in retinal Mueller glial cells.
Preliminary study in our laboratory also detected the
expression of both Ret and GFRa1 mRNA in primary
cultures of astrocytes (unpublished data).

Although astrocytes could be chemically induced
to produce GDNF, the level of GDNF from these astro-
cytes would not be able to achieve any therapeutic
effects. In this study, we used the multilipofection
method to transfect the GDNF gene to astrocytes in pri-
mary cultures. This is based on its advantages of simplic-
ity, safety of use, biological inertness, ease of automation,
and nonimmunogenicity. We have demonstrated that it
is a mild and efficient nonviral gene transfer method
with high specificity for gene delivery to astrocytes in
primary cultures (Wu et al., 2000). One does not have
to be concerned with the side effects of viral gene trans-
fer technology, including the possibility of some viruses,
to disturb the host DNA transcription and synthesis,
regain their pathogenic activity, and generate an immune
response. Therefore, multilipofection provides an alter-
native means for gene transfer in clinical gene/cell ther-
apy before an absolutely safe virus is identified.

One of the factors determining the efficiency of
transplantation is the survival of the transplanted cells.
Many of these cells cannot survive long enough to exert
their effects because of the microenvironment of the site
of transplantation, which is usually ischemic. Our finding
of GDNF protecting astrocytes further suggests that
GDNF and astrocytes make a great combination for
gene/cell therapy. The transfected astrocytes release
GDNF into the microenvironment, and, in addition to
exerting their neuroprotective effect on the host, they
guard the transplanted astrocytes to survive until the
mircocirculation is reestablished in the damaged tissue.

We previously demonstrated the feasibility of using
multilipofection to introduce GDNF into cultured astro-
cytes without causing any observable disturbances to the
cells themselves (Wu et al., 2000). The level of GDNF
transcripts and protein in cultured astrocytes is extremely
low or even undetectable, whereas high levels of GDNF
protein can be detected in the CM after 4-lipofections
of the GDNF gene. Recent evidence has indicated that
astrocytes are involved in many pathological and physio-
logical conditions of the CNS. The potent protective
effect of GDNF on astrocytes is an important addition
to its well-documented neuronal protection on DA neu-

Fig. 5. Inhibitory effect of GDNF on caspase-1 (a) and caspase-3 (b)
activities during postischemia recovery. Astrocytes were exposed to
ischemia for 3 hr and allowed to recover in normoxic medium at
378C for 4 hr (postischemia). GDNF preincubation was accom-
plished by providing the astrocytes with GDNF-CM for 6 hr prior
to the ischemic exposure. After recovery for 4 hr under postischemia,
the activities of caspase-1 and caspase-3 were determined in these
astrocytes. All data were derived from three independent experi-
ments, and error bars indicate SEM.
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rons, noradrenergic neurons, motor neurons, and basal
forebrain cholinergic neurons.

REFERENCES

Airaksinen MS, Saarma M. 2002. The GDNF family: signalling, biologi-

cal functions and therapeutic value. Nat Rev Neurosci 3:383–394.

Alberch J, Perez-Navarro E, Canals JM. 2002. Neuroprotection by neu-

rotrophins and GDNF family members in the excitotoxic model of

Huntington’s disease. Brain Res Bull 57:817–822.

Appel E, Kolman O, Kazimirsky G, Blumberg PM, Brodi C. 1997. Reg-

ulation of GDNF expression in cultured astrocytes by inflammatory

stimuli. Neuroreport 8:3309–3312.

Arenas E, Trupp M, Akerud P, Ibanez CF. 1995. GDNF prevents

degeneration and promotes the phenotype of brain noradrenergic neu-

rons in vivo. Neuron 15:1465–1473.

Bresjanac M, Antauer G. 2000. Reactive astrocytes of the quinolinic

acid-lesioned rat striatum express GFRalpha1 as well as GDNF in vivo.

Exp Neurol 164:53–59.

Buj-Bello A, Buchman VL, Horton A, Rosenthal A, Davies AM. 1995.

GDNF is an age-specific survival and autonomic neurons. Neuron

15:820–828.

Burton EA, Glorioso JC, Fink DJ. 2003. Gene therapy progress and pros-

pects: Parkinson’s disease. Gene Ther 10:1721–1727.

Chen PS, Peng GS, Li G, Yang S, Wu X., Wang CC, Wilson B, Lu

RB, Gean PW, Chuang DM, Hong JS. 2006. Valproate protects dopa-

minergic neurons in midbrain neuron/glia cultures by stimulating the

release of neurotrophic factors from astrocytes. Mol Psychiatry [E-pub

ahead of print].

Chen XQ, Fung YW, Yu ACH. 2005a. Association of 14-3-3g and

phosphorylated bad attenuates injury in ischemic astrocytes. J Cereb

Blood Flow Metab 25:338–347.

Chen XQ, Liu S, Qin LY, Wang CR, Fung YW, Yu ACH. 2005b.

Selective regulation of 14-3-3m in primary culture of cerebral cortical

neurons and astrocytes during development. J Neurosci Res 79:114–

118.

Cunningham LA, Su C. 2002. Astrocyte delivery of glial cell line derived

neurotrophic factor in a mouse model of Parkinson’s disease. Exp Neu-

rol 174:230–242.

Gavrieli Y, Sherman Y, Ben-Sasson SA. 1992. Identification of pro-

grammed cell death via specific labeling of nuclear DNA fragmentation.

J Cell Biol 119:493–501.

Harvey BK, Hoffer BJ, Wang Y. 2005. Stroke and TGF-beta proteins:

glial cell line derived neurotrophic factor and bone morphogenetic pro-

tein. Pharmacol Ther 105:113–125.

Hauck SM, Kinkl N, Deeg CA, Swiatek-de Lange M, Schoffmann S,

Ueffing M. 2006. GDNF family ligands trigger indirect neuroprotective

signaling in retinal glial cells. Mol Cell Biol 26:2746–2757.

Ho A, Core AC, Weickert CS, Blum M. 1995. Glutamate regulation of

GDNF gene expression in the striatum and primary striatal astrocytes.

Neuroreport 6:1454–1458.

Jiang Z, Zhang Y, Chen X, Lam PY, Yang H, Xu Q, Yu AC. 2002.

Activation of Erk1/2 and Akt in astrocytes under ischemia. Biochem

Biophys Res Commun 294:726–733.

Kitagawa H, Hayashi T, Mitsumoto Y, Koga N, Itoyama Y, Abe K.

1998. Reduction of ischemic brain injury by topical application of glial

cell line-derived neurotrophic factor after permanent middle cerebral

artery occlusion in rats. Stroke 29:1417–1422.

Lau LT, Yu AC. 2001. Astrocytes produce and release interleukin-1,

interleukin-6, tumor necrosis factor alpha and interferon-gamma fol-

lowing traumatic and metabolic injury. J Neurotrauma 18:351–359.

Li A, Guo H, Luo X, Sheng J, Yang S, Yin Y, Zhou J, Zhou J. 2006.

Apomorphine-induced activation of dopamine receptors modulates

FGF-2 expression in astrocytic cultures and promotes survival of dopa-

minergic neurons. FASEB J 20:1263–1265.

Lin LFH, Doherty DH, Lile JD, Bektesh S, Collins F. 1993. GDNF: a

glial cell line-derived neurotrophic factor for midbrain dopaminergic

neurons. Science 60:1130–1132.

Lin LFH, Zhang TJ, Collins F, Armes LG. 1994. Purification and initial

characterization of rat B49 glial cell line-derived neurotrophic factor. J

Neurochem 643:758–768.

Manabe Y, Nagano I, Gazi MS, Murakami T, Shiote M, Shoji M, Kita-

gawa H, Abe K. 2003. Glial cell line-derived neurotrophic factor pro-

tein prevents motor neuron loss of transgenic model mice for amyotro-

phic lateral sclerosis. Neurol Res 25:195–200.

Nakamura T, Ishizaka Y, Nagao M, Hara M, Ishikawa T. 1994. Expres-

sion of the ret proto-oncogene product in human normal and neoplas-

tic tissues of neural crest origin. J Pathol 172:255–260.

Parsadanian A, Pan Y, Li W, Myckatyn TM, Brakefield D. 2006. Astro-

cyte-derived transgene GDNF promotes complete and long-term sur-

vival of adult facial motoneurons following avulsion and differentially

regulates the expression of transcription factors of AP-1 and ATF/

CREB families. Exp Neurol 200:26–37.

Sariola H, Saarma M. 2003. Novel functions and signalling pathways for

GDNF. J Cell Sci 116:3855–3862.

Shimoda K, Sauve Y, Marini A, Schwartz JP, Commissiong JW. 1992. A

high percentage yield of tyrosine hydroxylase-positive cells from rat

E14 mesencephalic cell culture. Brain Res 586:319–331.

Suter-Crazzolara C, Unsicker K. 1996. GDNF mRNA levels are induced

by FGF-2 in rat C6 glioblastoma cells. Brain Res Mol Brain Res

43:351–355.

Trupp M, Ryden M, Jornvall H, Funakoshi H, Timmusk T, Arenas E,

Ibanez CF. 1995. Peripheral expression and biological activities of

GDNF, a new neurotrophic factor for avian and mammalian peripheral

neurons. J Cell Biol 130:137–148.

Walker DG, Beach TG, Xu R, Lile J, Beck KD, McGeer EG, McGeer

PL. 1998. Expression of the proto-oncogene Ret, a component of the

GDNF receptor complex, persists in human substantia nigra neurons in

Parkinson’s disease. Brain Res 792:207–217.

Williams LR, Inouye G, Cummins V, Pelleymounter MA. 1996. GDNF

sustains axotomized basal forebrain cholinergic neurons in vivo: dose-

response comparison to NGF and BDNF. J Pharmcol Exp Ther

277:1140–1151.

Wu BY, Liu RY, So KL, Yu ACH. 2000. Multi-lipofection efficiently

transfected genes into astrocytes in primary culture. J Neurosci Methods

102:133–141.

Yan Q, Matheson CR. 1995. Retrograde transport study of glial cell

line-derived neurotrophic factor (GDNF) in adult rat nervous system.

Soc Neurosci Abstr 21:1301.

Yu AC, Wong HK, Yung HW, Lau LT. 2001. Ischemia-induced apo-

ptosis in primary cultures of astrocytes. Glia 35:121–130.

Yu AC, Lau AM, Fu AW, Lau LT, Lam PY, Chen XQ, Xu ZY. 2002.

Changes of ATP and ADP in cultured astrocytes under and after in

vitro ischemia. Neurochem Res 27:1663–1668.

Yu AC, Yung HW, Hui MH, Lau LT, Chen XQ, Collins RA. 2003.

Cycloheximide and actinomycin D delay death and affect bcl-2, bax,

and Ice gene expression in astrocytes under in vitro ischemia. J Neuro-

sci Res 74:318–325.

Zhao Z, Alam S, Oppenheim RW, Prevette DM, Evenson A, Parsada-

nian A. 2004. Overexpression of glial cell line-derived neurotrophic

factor in the CNS rescues motoneurons from programmed cell death

and promotes their long term survival following axotomy. Exp Neurol

190:356–372.

3464 Yu et al.

Journal of Neuroscience Research DOI 10.1002/jnr


