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Regulation of Microglial Activities by
Glial Cell Line Derived Neurotrophic Factor
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Abstract Much attention has been paid to the ability of glial cell line-derived neurotrophic factor (GDNF) to protect
neurons fromneurotoxic insults in the central nervous system (CNS).However, little is known aboutGDNFaction onCNS
glia that also can expressGDNF receptor systems. In this study,we examined the effects ofGDNFon primary ratmicroglia
that function as resident macrophages in the CNS and as the source of proinflammatory mediators upon activation. We
found that treatment of primary rat microglia with GDNF had no effect on the secretion of the proinflammatory cytokines,
tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b), but it increased the nitric oxide (NO) production to some
extent. In addition,GDNF increased the enzymatic activity of superoxide dismutase (SOD), the gene expression of surface
antigen intercellular adhesion molecule-1 (ICAM-1), the production of the integrin a5 subunit, and the phagocytotic
capability in primary rat microglia. Furthermore, inhibition of mitogen-activated protein kinase (Erk-MAPK) in the mouse
microglial cell line BV2 by U0126 indicated that the MAP kinase signaling pathway may be involved in the regulation of
NO and integrin a5 production byGDNF. In vivo evidence also showed that amoeboid cells with integrin a5 or with ED1
immunoreactivity appeared in GDNF-treated spinal cord tissues at the lesion site 1 week post spinal cord injury (SCI).
Furthermore, inhibition of Erk-MAPK in the mouse microglial cell line BV2 by U0126 indicated that the MAP kinase
signaling pathway may be involved in the regulation of NO and integrin a5 production by GDNF. Taken together, our
results indicate that GDNF has a positive regulatory effect on microglial activities, such as phagocytosis and the
upregulation of adhesion molecules. J. Cell. Biochem. 97: 501–511, 2006. � 2005 Wiley-Liss, Inc.

Key words: glial cell line-derived neurotrophic factor; microglia; inflammation

Microglia, a major immune cell population in
the central nervous system (CNS), are inactive
in healthy adult CNS, and become activated in
acute and chronic neurodegenerative diseases
[Kreutzberg, 1996; Streit et al., 2004; Kim
and de Vellis, 2005]. Since activated microglia
produce cytotoxic inflammatory mediators, such
as nitric oxide (NO), reactive oxygen species
(ROS), tumor necrosis factor-a (TNF-a), and IL-
1b after CNS injury, these cells are believed to
play a crucial role in triggering secondary tissue
damage, which in turn leads to the progression

of CNS diseases [Kreutzberg, 1996; Streit et al.,
2004; Kim and de Vellis, 2005]. On the other
hand, the activated microglia have a major
effect on phagocytotic activities, which allow
these cells to remove neural cell fragments and
myelin debris efficiently [Elkabes et al., 1996;
Kreutzberg, 1996; Liu and Hong, 2003]. These
cells are also beneficial to neuronal survival in
the damaged CNS via the production of neuro-
trophic factors [Giulian and Corpuz, 1993;
Elkabes et al., 1996; Kreutzberg, 1996], and
the regulation of the production of nonpermis-
sive substrata [David et al., 1990].

Glial cell line-derived neurotrophic factor
(GDNF), a transforming growth factor (TGF)-b
superfamily, was originally isolated from a glial
cell line, and serves as a trophic factor for
dopaminergic neurons [Lin et al., 1993], as well
as nondopaminergic neurons, including spinal
cord motoneurons and peripheral ganglia.
Thus, the molecule is thought to be a potential
therapeutic agent for various CNS neurological
diseases [Airaksinen and Saarma, 2002], such
as cerebral ischemia/hypoxia [Ikeda et al.,
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2000], Parkinson’s disease [Gash et al., 1996]
and SCI [Grondin and Gash, 1998; Cheng et al.,
2002; Tai et al., 2003].

Microglia express GDNF receptor complex-
GDNF-family receptor a (GFRa) and trans-
membrane c-Ret tyrosine kinase that trigger
the activation of extracellular signal-regulated
kinase-mitogen-activated protein (Erk-MAPK)
and phosphatidylinositol 3-kinase/Akt (PI3K/
Akt) to regulate cellular functions [Batchelor
et al., 1999; Honda et al., 1999]. Although the
neurotrophic effect of GDNF on neurons is well
established, its action on microglial activities
remains to be clarified since this molecule has
been considered as a potent agent for CNS
treatment. In the present study, we used cul-
tured primary rat microglia and various bio-
chemical analyses to examinewhetherGDNF is
able to mediate microglial activities, including
the production of proinflammatory mediators
(TNF-a and IL-1b), the activity of endogenous
antioxidant enzyme superoxide dismutase
(SOD), adhesion molecule expression and pha-
gocytosis. We found that GDNF had no effect
on the production of the microglial TNF-a and
IL-1b, whereas the molecule increased NO
metabolites, intercellular adhesion molecule-1
(ICAM-1) gene expression, integrin-a5 and the
phagocytotic ability of primary rat microglia.
We also used themousemicroglial cell lineBV2,
which was found to increase integrin a5 and
Erk-MAPK activation in response to GDNF,
to examine whether Erk-MAPK signaling is
involved in GDNF action on microglial integrin
a5 production. We also provide evidence show-
ing that integrin a5 expression found in amoe-
boid cells of GDNF-treated spinal cord post SCI
were ED1 immunoreactive. Our study provides
evidence for GDNF action on microglial activ-
ities, and supports the idea of thediverse roles of
GDNF in the improvement ofCNS tissue repair.

MATERIALS AND METHODS

Cell Cultures

Themousemicroglial cell lineBV2,whichwas
generated from primarymousemicroglia trans-
fected with a v-raf/v-myc oncogene [Blasi et al.,
1990] kindly provided byDr. J.S.Hong (NIEHS,
NIH, USA), was maintained at 378C in Dulbec-
co’s modified Eagle’s medium/F12 medium
(DMEM/F-12) (Life Technologies, Grand
Island, NY) with 5% heat-inactivated fetal
bovine serum (FBS) (HyClone, Logan, UT),

50 U/ml penicillin, and 50 mg/ml streptomycin
(Sigma Chemical Co., St. Louis, MO) under a
humidified atmosphere of 5% CO2/95% air.

Primary rat microglial culture was prepared
as previously described [Tzeng et al., 2002]. In
brief, cerebral cortices from neonatal Sprague–
Dawley rat brains (P1) were removed and
carefully dissected. The tissue was dissociated
in 0.0025% trypsin/EDTA (Life Technologies)
and passed through a 70 mm pore nylon mesh
(Falcon). After centrifugation, the cell pellet
was resuspended in DMEM/F-12 containing
10% FBS, 50 U/ml penicillin, and 50 mg/ml
streptomycin. The cells (107 cells/flask) were
then plated onto poly-D-lysine (PDL; Sigma)
coated 75-cm tissue culture flasks. The medium
was renewed every 2–3 days. Eight days later,
primary rat microglia were collected using the
shake-off method [McCarthy and de Vellis,
1980]. Primary rat microglia were replated
either onto 96-well tissue culture plates or
35 mm tissue culture dishes at a density of 2�
104 cells/well or 5� 105 cells/dish, respectively.
Eighteen to 24 h later, the cells were treated
with rat recombinant GDNF (R&D, Minneapo-
lis, MN) in DMEM/F-12 medium containing N1
serum supplement (Life Technologies). In gen-
eral, there was 95% primary rat microglia with
B4–isolectin (Sigma) positive staining in the
microglial culture, whereas less than 5% of
cells were GFAP-immunostained astrocytes
and CNPase-immunostained oligodendrocytes
in the culture.

Nitrite/Nitrate, TNF-a, and IL-1b Assay

Primary rat microglia at a density of 2� 104

cells/well were replated onto 96-well plates.
Twenty-four hours after treatmentwithGDNF,
the culture media were collected and centri-
fuged at 1,500 rpm for 10min to remove floating
cells. The supernatant was then used for NO
production assay and cytokine ELISA assay.
The production of NO was assessed as the accu-
mulation of nitrate and nitrite in the culture
medium using a colorimetric reaction kit from
R&D. TNF-a and IL-1bweremeasured using an
enzyme immunoassay kit from R&D following
the procedure provided by the vendor.

Reverse-Transcription PCR (RT-PCR)

Primary rat microglia at a density of 1� 106

cells/dish were replated onto 60 mm culture
petri dishes. Eighteen to 24 h after treatment
with GDNF, total RNA was extracted from
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microglia, and 1 mg of total RNAwas used in the
RT-PCR reaction mixed with SuperScript one-
step RT-PCR system components (Gibco, Life
Technologies, Grand Island, NY) with the
following cycle parameters: 458C, 30 min, 948C,
2 min; 30 cycles, 948C, 15 s; 558C, 30 min, 728C,
1 min; 728C, 7 min, 48C, 1. Reaction products
were then separated on a 1.5% agarose gel,
stained with ethidium bromide, and photo-
graphed. Measurements were normalized to
GAPDH mRNA levels. The RT-PCR primers
were as follows: ICAM-1 (385 bp) sense 50-ctg-
gagagcacaaacagcagag-30, antisense 50-aaggccg-
cagagcaaaagaagc-30; GAPDH (671 bp) sense 50-
ttcaccaccatggagaaggc-30, antisense 50-accaccct-
gttgctgtagcc.

Measurement of SOD Activity

Primary rat microglia at a density of 5� 105

cells/dish were replated onto 35 mm tissue
culture dishes. The cells were harvested at 18 h
after treatment with GDNF at distinct con-
centrations, and homogenized in 5% monopho-
sphoric acid. After centrifugation at 3,000 rpm
for 2 min at 48C, the supernatant was analyzed
for total SOD activity using a BIOXYTECH
SOD-525 kit from R&D. Total protein was
measured using a Bio-Rad DC kit, and the spe-
cific activity was expressed as units per milli-
gram of protein.

Western Blotting

Cells were washed twice with PBS after
harvest, and lysed for 30 min on ice in the
lysis buffer containing 1% Triton-X 100, 0.05%
Tween-20, 10 mg/ml PMSF, 4 mg/ml pepstatin A,
2 mM 4-(2-aminothyl) benzenesulfonyl fluoride
hydrochloride (AEBSF), 1 mM EDTA, 130 mM
bestatin, 1.4 mM E-64, 1 mM leupeptin, 0.3 mM
aprotinin, and 1 mM sodium orthovanadate
(Sigma), and then centrifuged at 12,000 rpm for
10 min. Protein concentration was determined
by a Bio-Rad DC kit (Bio-Rad, Hercules, CA).
Proteins (10–20 mg) were separated by 7.5–
12.5% SDS–PAGE, and then transferred to a
nitrocellulose membrane (Hybond ECL, Amer-
sham, Piscataway, NJ). The membrane was
incubated with primary antibodies overnight at
48C, followed by horseradish peroxidase-con-
jugated secondary antibodies and ECL solution
(NEN LifeScience, Boston, MA). The antibodies
used in this study included mouse anti-a-
tubulin (Sigma), rabbit anti-integrin a5 (Che-

micon, Temecula, CA), mouse anti-integrin
b1 (BD PharMingen), anti-iNOS (Calbiochem,
Cambridge, MA), anti-MnSOD (StreeGen Bio-
technologies Corp., Victoria, Canada), rabbit
anti-p-Erk42/44, rabbit anti-Erk, rabbit anti-
p-Akt and rabbit anti-Akt (Cell Signaling,
Beverly, MA).

Phagocytosis Assay

Primary rat microglia at a density of 5� 104

cells/well were replated onto a 24-well plate
followed byGDNF treatment for 24 h. A PKH26
red fluorescent phagocytic cell linker kit
(Sigma) prepared following the procedure pro-
vided by the vendor was added to the culture,
and incubated for 3min followed by the addition
of 1% bovine serum albumin for 1 min. Cells
were fixed in 2% paraformaldehyde for 10 min,
and then counterstained with 0.1% DAPI for
1 min. Four random fields of cells (approxi-
mately 80 cells) were counted using a 40� object
lensunderanepifluorescencemicroscope equip-
ped with a cooling digital imaging system. The
cells with bright, punctuated fluorescent appe-
arance were referred to as phagocytic cells. The
ratio of phagocytic cells to total counted cells
was defined as the phagocytotic index.

Cell Count Assay

Primary rat microglia (5� 104 cells/well)
were plated onto 24-well plates. Eighteen to
24h later, cellswere treated for 24hwithGDNF
at concentrations of 10, 20, or 50 ng/ml. The
cultures were washed with PBS to remove cell
debris and cells subsequentlywereharvestedby
adding 100 ml of 0.025% trypsin to each culture
well for 2 min followed by adding 300 ml of PBS
perwell. Trypan blue stainingmethodwas used
to identify live cells. Cell were immediately
harvested and counted using a hemacytometer.

Animal Surgery

SCI was induced using the NYU weight-drop
device [Constantini and Young, 1994; Basso
et al., 1996]. The surgical procedures were
followed as previously described [Cheng et al.,
2002]. In brief, female adult (240–275 g)
Sprague–Dawley rats that were supplied by
the Animal Center of the National Science
Council, Taiwan, were anesthetized with pen-
tobarbital (50 g/kg, i.p.), and laminectomy was
performed at T9-T10 levels. Within 1 h after
anesthesia, the dorsal surface of the cord was
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injuredbydroppinga10grod fromaheight of 50
mm. A 5-ml Exmire micro-syringe with a 33-
gauge needle was positioned at the midline
of the spinal cord tissue 1–2 mm rostral and
caudal to the epicenter and stereotaxically
inserted 0.7–0.8 mm below the dura. At 5 min
post injury, GDNF infusion (R&D) was started
at a rate of 0.5 ml/min. After each injection, the
33-gauge needle was maintained in the spinal
cord for an additional 5 min to reduce the
possibility of leakage of the injected fluid from
the site. The total volume of infused GDNF
(0.5 mg/ml) to the injured spinal tissue was 8 ml
(4 ml/injection; 4 mg/rat), and the infusion was
completed in 20 min. The contused rats used
as controls received the same amount of PBS
solution. During surgery and infusion, each
animal was placed on a temperature-controlled
heating blanket to maintain body temperature.
After injection, animals were housed in pairs,
and manual bladder evacuation was performed
at least twice a day. The injured animals
received antibiotics (sodium ampicillin, 80 mg/
kg/day) during the first week after injury. No
autophagia was observed. Animal care was
provided in accordance with the Laboratory
AnimalWelfare Act, Guide for theCare andUse
of Laboratory Animals, National Cheng Kung
University, Taiwan.

Animals were anesthetized at 1 week post-
contusion injury, and then perfused with 0.9%
cold NaCl followed with 4% paraformaldehyde
in 0.1 M phosphate buffer. Spinal cord tissues
approximately 2 cm in length containing the
contusion center were removed, post-fixed with
4% paraformaldehyde overnight at 48C, and
then cryoprotected with 30% (w/v) sucrose in
PBS overnight at 48C.

Immunohistochemistry

Spinal cord tissues were embedded in
optimum cutting temperature (OCT) matrix
(Tissue-Tek, Torrance, CA), and longitudinally
sectioned at 20 mm thickness. The tissue
sections were incubated with 0.1% Triton X-
100 in PBS for 30 min followed by mouse anti-
ED1 (1:4,000; Serotec, Oxford, UK) or rabbit
anti-integrin a5 (1:200; Chemicon) in PBS
containing 5% horse serum overnight. The
tissue sections were then incubated with bioti-
nylated secondary antibodies (1:200) for 1 h,
and fluorescein-avidin for 45 min. The results
were observed under a fluorescence microscope
(Nikon).

Statistical Analysis

Data are expressed as mean�SD. Each
experiment was repeated at least three times.
Statistical significance of differences between
the two groups of data (P-value< 0.05) was
performed using unpaired t-test (Minitab, State
College, PA).

RESULTS

Effect of GDNF on the Production of
Proinflammatory Mediators in Primary

Rat Microglia

To examine whether GDNF regulates pri-
mary microglial cytokine production, levels of
IL-1b and TNF-a in cultured primary microglia
were analyzed. As shown in Figure 1, no signi-
ficant difference in secreted TNF-a and IL-1b
levels was observed in the culture of primary

Fig. 1. Effect of GDNF on levels of secreted IL-1b and TNF-a in
primary rat microglia. Microglia were treated with GDNF at the
distinct concentrations as indicated above. The culture media
were collected at 24 h, and subjected to IL-1b and TNF-a ELISA
assays. The culture that was treated with 10 ng/ml of LPS was
referred as a positive control. Values were determined using
mean� SD (n¼ 6 separate cultures per bar). The experiments
were performed three times with similar results. *P< 0.05
(unpaired t-test) compared to control.
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microglia treated with 1 and 10 ng/ml of GDNF
for 24 h when compared to those of the control.
We also found that there was no increase in
microglial TNF-a and IL-1b levels at 48 h post-
GDNF treatment (data not shown). Thus, our
data demonstrated that GDNF has no effect on
the induction of release of microglial proinflam-
matory cytokines.
Examination of microglial iNOS and NO

metabolites (nitrate and nitrite) revealed that
treatmentwithGDNFat the concentrations of 1
and 10 ng/ml caused no production of iNOS in
microglia, but induced an increase in the level
of NO metabolites (Fig. 2). Like other neuro-
trophic factors, GDNF can activate several
signaling pathways, such as the Erk42/44-
MAPK and PI3K/Akt pathways [Takahashi,
2001]. Since Erk-MAPK signaling is a common
pathway for NO production via the induction of
three NOS isoenzymes (iNOS, neuronal NOS,

and endothelial NOS) [Schroeter et al., 2002],
we examined whether MAPK is involved in
nitrite/nitrate accumulation in GDNF-treated
microglia using U0126, a selective inhibitor for
p42/44 MAP kinase (MEK). Our results showed
that the GDNF-induced increase in nitrite/
nitrate accumulation was blocked by U0126
(Fig. 2), indicating that GDNFmay activate the
Erk-MAPK signaling pathway to increase NO
production in microglia.

Effect of GDNF on SOD Enzymatic
Activity in Primary Rat Microglia

Microglia can generate ROS upon activation
[Colton and Gilbert, 1987; Colton et al., 1994].
SOD is an endogenous enzyme to convert super-
oxide radicals to H2O2 and oxygen [McCord and
Fridovich, 1969]. An increase in Cu/Zn-SOD
andMn-SOD immunoactivity inmicroglia after
CNS injury has been reported [Liu et al., 1993].
Accordingly, we accessed the examination of
SOD expression and activity in microglia post
GDNF treatment. We found that treatment
with GDNF caused a slight increase in MnSOD
levels (Fig. 3A), but no change in Cu/ZnSOD
levels (data not shown). Furthermore, examina-
tion of total SOD enzymatic activity indicated
that 20 ng/ml of GDNF treatment induced an
increase in SOD enzymatic activity (Fig. 3A).
Since the primary rat microglia used in the
two experiments were isolated from a different
batch of rat pups, this may have caused a
variation in the relative SOD activity induced
by GDNF in the two experiments. It was also
noted that GDNF at the lower concentrations
failed to increase microglial SOD enzymatic
activity (data not shown).

GDNF Action on the Expression of
ICAM-1 in Primary Rat Microglia

Microglial activation is generally associated
with the upregulation of microglial surface
markers [Lee and Benveniste, 1999], such as
ICAM-1, which is known to participate in the
migration of microglia to an inflamed area
[Streit et al., 2004]. To evaluate the regulation
of microglial ICAM-1 expression in response
to 20 ng/ml of GDNF, RT-PCR analysis was
performed. The results indicated that treat-
ment with GDNF increased mRNA expression
of microglial ICAM-1 (Fig. 3B), implying that
GDNF may have a regulatory effect on micro-
glial migration.

Fig. 2. Effect of GDNF on the accumulated amounts of nitrate
and nitrite in primary rat microglial cultures. A: Microglia were
treated with GDNF at 1 and 10 ng/ml for 24 h. Western blotting
indicated that GDNF had no effect on the production of iNOS
protein. The culture that was treated with 10 ng/ml of LPS was
used as a positive control. Similar results were obtained in three
independent experiments. B: Microglia were treated with 10 ng/
ml ofGDNF in the presence or absence of 10 mMU0126 for 24 h.
Subsequently, the culturemediawere collected and submitted to
the assays for nitrite and nitrate. Values were determined using
mean� SD (n¼ 6 separate cultures per bar). The experiments
were performed twice with similar trends. *P<0.05 (unpaired t-
test) compared to control.

GDNF Action on Microglial Functions 505



Microglial Phagocytosis Regulated by GDNF

GDNF has recently been reported to enha-
nce the phagocytotic activity of macrophages
[Hashimoto et al., 2005]. Sincemicroglia exhibit
typical macrophage behaviors, such as phago-
cytosis, the effect of GDNF onmicroglial phago-
cytotic ability was examined in this study. We
found that the phagocytotic uptake of primary
rat microglia was increased in response to
GDNF (Fig. 4).

Production of Integrin a5 and b1 in Microglia
Treated With GDNF

Recent studies have reported that integrin b1
regulates the phagocytotic uptake of bacteria by

macrophages [Dersch and Isberg, 2000; Isberg
et al., 2000]. Accordingly, we attempted to
ascertain whether GDNF has a regulatory
effect on integrin expression in primary rat
microglia.We found that treatment withGDNF
caused no change in the production ofmicroglial
b1, whereas 10 and 20 ng/ml of GDNF induced a
significant increase in the levels of microglial
integrin a5 (Fig. 5A). A mouse microglial cell
line, BV2, has been shown to retain the mor-
phological, phenotypical, and functional proper-
ties for primary ratmicroglia [Blasi et al., 1990].
Similar to the findings in primary ratmicroglia,
our findings revealed that GDNF at concen-
trations of 10 and 20 ng/ml augmented the
production of integrin a5 in BV2 cells (Fig. 5B).

Involvement of ERK Signaling in the
Regulation of Integrin a5 Expression

Furthermore, we found that the phosphoryla-
tion of Erk-42/44 in primary rat microglia was
increased by GDNF at 60 and at 120 min
(Fig. 6A). Yet, treatment with GDNF had no
effect on the phosphorylation of Akt when
compared to that observed in the control during
the entire experimental period (Fig. 6). Similar
to primary rat microglia, GDNF induced a

Fig. 3. Effect of GDNF on microglial SOD activity and ICAM-1
expression. A: Primary rat microglia were treated with 20 ng/ml
of GDNF for 24 h. Western blotting indicated that 20 ng/ml of
GDNF slightly increased the production of microglial MnSOD.
The SODactivity assay indicated that treatmentwithGDNFat 20
ng/ml induced an increase in SOD activity. The relative SOD
activity is indicated as the ratio of the SOD activity (unit/mg) in
GDNF-treated microglia to control. B: Primary rat microglia
were treated with GDNF at 20 ng/ml for 24 h followed by RNA
extraction and RT-PCR analysis for ICAM-1 mRNA expression.
Similar results were observed in three independent experiments.

Fig. 4. Microglial phagocytotic activity improved by GDNF.
Primary rat microglia were treated with 20 ng/ml of GDNF or 10
ng/ml of LPS for 24 h, and then incubated with a phagocytic cell
linker kit for 3 min as described in Materials andMethods. Three
independent experiments were done with similar results, and
each experiment was performed in duplicate. Values were
determined using mean� SD of three experiments. *P<0.05
(unpaired t-test) compared to control. Immunofluorescent
images (400�) are representative of three independent experi-
ments. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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delayed increase in the level of Erk-44 at 60min
in BV2 cells and this increase remained at
120 min (Fig. 6B), whereas treatment with
GDNF caused no increase in the levels of pAkt.
Accordingly, to determine the role of Erk42/

44 signaling in the regulation of integrin a5
expression by GDNF, BV2 cells were preincu-
batedwith 10mMofU0126 (aMEK inhibitor) for
5minprior to treatmentwith 10ng/ml ofGDNF.
As shown in Figure 6C, the level of integrin a5

Fig. 5. The production of integrin a5 in microglia with GDNF
treatment. Primary rat microglia (A) and BV2 cells (B) were
treated for 24 h with GDNF at the different concentrations as
indicatedabove.Cell extractswere analyzedbyWestern blotting
as described inMaterials andMethods.Data are representative of
three similar experiments. Relative levels of integrin a5 were

defined as the arbitrary unit in each treatment over the untreated
control. The arbitrary unit was the level of integrin a5 in each
treatment normalized to that of a-tubulin. Values were deter-
mined using mean� SD of three experiments. *P<0.05
(unpaired t-test) compared to control.

Fig. 6. Erk-MAPK signaling involved in integrin a5 production
of GDNF-treated microglia. Primary rat microglia (A) and BV2
cells (B) were treatedwith 10 ng/ml of GDNF at the different time
points as indicated above. InWestern blotting, an increase in the
level of pErk-42/44or pErk-44was observed at 60 and 120min in
GDNF-treated microglia (A) and BV2 cells (B), respectively.
However, GDNF treatment did not cause any change in the

phosphorylation of Akt. In each experiment, the same blot was
stripped and reprobed with Erk42/44 or Akt antibodies. Data are
representative of three similar experiments. C: Prior to treatment
with 10 ng/ml of GDNF for 24 h, BV2 cells were incubated for
5 min with 0.1% of DMSO (GþD) or 10 mM of U0126 (GþD).
The expression of integrin a5 was detected by Western blotting.
The experiments were repeated twice with similar results.
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was decreased by exposure of GDNF-treated
BV2 to U0126.

Expression of Integrina5 in GDNF-Treated
Spinal Cord Following Spinal Cord Injury

We have previously shown that GDNF pro-
moted neuronal survival and hindlimb func-
tional recovery in rats with severe SCI [Cheng
et al., 2002; Tai et al., 2003]. There is no appro-
priate antibody to distinguish between infiltrat-
ing roundmacrophages and activated amoeboid
microglial populations. However, ED1 anti-
bodies have been used to identify activated
microglia ormacrophages derived from resident
microglial populations in the injured spinal cord
[Popovich et al., 1997; Rosenberg et al., 2005].
Accordingly, we performedED1þ immunostain-
ing and found that a large amount of ED1þ

amoeboid microglia/macrophages was observed
in the GDNF-treated spinal cord at 1 week post
SCI,while only a fewED1þ cells appeared in the
PBS-treated spinal cord (Fig. 7). Since macro-
phages have been reported to be classified as
cells with round morphology with both OX42
and ED1 immunoreactivities [Popovich et al.,
1997], to further define the type of ED1þ

amoeboid cells OX42 immunostaining was
carried out. However, a weak OX42 immuno-
stainingwas observed in the injured spinal cord
at 1 week post SCI (data not shown), indicating
that ED1þ amoeboid cells were activatedmicro-
glia or macrophages-derived from activated
microglia. In parallel, amoeboid cells with
strong immunoreactivity for integrin a5 were
found in GDNF-treated spinal cord tissues
proximate to the lesion center. Yet, in the
PBS-treated spinal cord tissue, cells with
integrin a5 immunostaining were ramified or
surrounding blood vessels. It has been reported
that the number of apoptotic microglia was
increased in the injured spinal cord rostral and
caudal to the lesion center from 5 to 21 day after
spinal cord contusion [Shuman et al., 1997].
ED1þ amoeboid microglia/macrophages were
found in GDNF-treated spinal cord tissues at
1 week post contusion (Fig. 7B,D). These find-
ings suggest that administered GDNF may
improvemicroglial cell survival or proliferation.
Furthermore, examination of primary rat
microglial cell growth by cell count assay indi-
cated that the number of primary rat microglia
was significantly increased at 24 h after the
exposure to 20 and 50 ng/ml of GDNF when
compared to that found in the control (Fig. 7G).

DISCUSSION

Recent evidence has indicated that GDNF
action is involved in the activation processes
of macrophages [Hashimoto et al., 2005]. Addi-
tionally, several studies have demonstrated the

Fig. 7. Induction of integrin a5 expression by GDNF in the
injured spinal cord 1 week after SCI. The adjacent horizontal
section of the spinal cord was prepared for integrin a5 (A, C, E) or
ED1 immunostaining (B, D, F). The amoeboid-like cells having a
strong immunostaining for integrin a5 (arrows in A, C) were
found in GDNF-treated spinal cord tissue 1 week after contusion
injury. On the other hand, in PBS-treated control (E) integrin
a5 immunostaining was localized in ramified cells or cells
surrounding the blood vessels as indicated by *. ED1þ amoeboid
microglia/macrophages were visualized in the GDNF-treated
spinal cord (B, D). However, rare ED1þ immunostaining was
detected in PBS-injected spinal cord tissue (F). The images were
taken from the region of the injured spinal cord 2–3mmrostral to
the contusion center. A similar observation was noted in the
spinal cord caudal to the contusion center. Scale bar in A, B, E,
F¼ 100 mm; in C, D¼ 50 mm. Cell count assay was used to
determine the effect of GDNF on the growth of primary rat
microglia (G). Twenty-four hours after treatmentwithGDNF, cell
count was performed using a hemacytometer. Relative increase
in cell number was defined as the ratio of the total cell number in
GDNF-treated cultures to the control. Data were expressed as
mean� SD (n¼4 separate culture per bar). *P<0.05 (unpaired
t-test) compared to control. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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mitogenicity of GDNF on microglia in vivo
[Shinoda et al., 1996] and in vitro [Salimi et al.,
2003]. The principal aim of the present study
was to understand whether GDNF has a
regulatory role in microglial activities. Our
results show that GDNF regulates ICAM-1
mRNA expression and increases SOD enzy-
matic activity inmicroglia. However, treatment
with GDNF causes no change in the release of
microglial TNF-a and IL-1b, which are believed
to play a critical role in triggering secondary
damage after CNS injury [Pocock and Liddle,
2001; Liu et al., 2002; Liu and Hong, 2003]. No
production of iNOS was observed in GDNF-
treated microglia, whereas a slight increase in
the level of NO metabolites in the culture
medium was detected. Interestingly, the pha-
gocytotic ability ofmicroglia can be enhanced by
GDNF, which is also able to increase microglial
integrin a5 production via the MAPK signaling
pathway. In vivo evidence also showed that
there were amoeboid cells with integrin a5 or
ED1 immunostaining in the GDNF-treated
spinal cord that had sustained contusive injury,
implying that exogenous GDNF infusion may
regulate integrin a5 expression in activated
microglia/macrophages in the injured CNS.
Moreover, our in vivo and in vitro observations
also indicated that GDNF might have the
regulatory effect on microglial survival/prolif-
eration. Accordingly, GDNF may serve as a
stimulatory molecule for the expression of
microglial phagocytotic activity, growth and
adhesion molecules.
It has been indicated that neuroprotective

mechanismsofGDNF in the ischemic brainmay
participate in alleviating free radicals during
injury [Ikeda et al., 2000]. In vivo study has also
shown that GDNF is able to activate antiox-
idant enzyme systems in dopaminergic neurons
[Chao and Lee, 1999]. According to our results,
which show an increase in microglial SOD
enzymatic activity by GDNF, the molecule
may be able to activate the endogenous anti-
oxidative system in microglia. Yet, our findings
also show that a slight increase in the accumu-
lation ofNOmetaboliteswas detected inGDNF-
treatedmicroglia, althoughmicroglia iNOSwas
not produced in GDNF-treated microglia. In
comparison with iNOS, neuronal NOS and
endothelial NOS produce much lower levels
of NO in the cells [Bogdan, 2001]. Our obser-
vations have also indicated the inhibition of
GDNF-induced increase in the accumulation of

microglial NO metabolites by the inhibitor of
MEKpathway,which is alsoknown to involve in
the regulation of neuronal NOS and endothelial
NOS expression [Schroeter et al., 2002]. There-
fore, microglial NO production increased by
GDNF might be resulted from the effect of
GDNF-induced or activated neuronal NOS and
endothelial NOS.

Although microglial activation is associated
with the neuropathogenesis in CNS neurode-
generation [Boje and Arora, 1992; Gonzalez-
Scarano and Baltuch, 1999; Liu and Hong,
2003], activated microglia play an important
role in CNS repair via phagocytosing neural/
myelin debris which can hinder neuronal
regeneration after CNS injury [Prewitt et al.,
1997; Rabchevsky and Streit, 1997; Koenigs-
knecht and Landreth, 2004; Streit et al., 2004].
Integrin family members such as a5b1, a4b1,
a6b1, avb5, aMb2, and aXb2 are known to be
involved in microglial migration, adhesion, and
phagocytosis [Berton and Lowell, 1999; Witting
et al., 2000; Kloss et al., 2001; Milner and
Campbell, 2003; Koenigsknecht and Landreth,
2004]. Nevertheless, whether the enhanced
phagocytotic activity resulted from increased
integrin a5 expression in GDNF-treated mcro-
glia needs to be further determined. On the
other hand, our results indicating the effect of
GDNF in promoting microglial phagocytotic
ability provide evidence that administered
GDNF in the injured CNS may not only induce
neuronal survival, but also increase microglial
phagocytosis.However, therewasno significant
upregulation of microglial integrin av, a4, and
a6 levels after GDNF treatment (data not
shown). Nevertheless, whether GDNF modu-
lates the expression of other integrin subunits
inmicroglia andwhether the increased integrin
family affectsmicroglial phagocytosis remain to
be clarified.

GDNF is known to trigger multiple signal-
ing pathways, including Ras/Erk-MAPK, PI3
kinase/AKT, p38MAPK, and JNK via interac-
tion with GFRa and c-ret [Takahashi, 2001].
The inhibition of Erk-MAPK by U0126 causes
the reduction of the accumulation of NO meta-
bolites in the supernatant of GDNF-treated
microglia, implying that treatment with GDNF
may activate the Erk-MAPK signal pathway to
enhance NO production in microglia. Further-
more, our evidence demonstrates the reduction
of integrin a5 levels in GDNF-treated BV2 by
U0126, suggesting that Erk-MAPK signaling
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may be involved in GDNF action on the
regulation of microglial activities.

In conclusion, we have demonstrated the
stimulatory effect of GDNF on the production
of microglial NO, the expression of adhesion
molecules, and phagocytotic ability. Moreover,
the Erk-MAPK signaling pathway may be
involved in the GDNF-induced mechanism for
the regulation of microglial activities. This
study provides evidence that exogenous GDNF
administration may not only have a protective
effect on neurons, but may also have a modu-
latory role in microglial activities.
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