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Molecular Neuroscience

Tre A of this study was to investigate the regulation of
glial cell line-derived neurotrophic factor (GDNF)
mRNA by activation of glutamate receptors in the rat
striatum. We observed an increase in GDNF mRNA
levels in the adule rat striatum after administration of
subseizure doses of N-methyl-D,L-aspartic acid (NMA)
and kainic acid. Since it is uncElJear whether the
upregulation of GDNF occurred in neurons or astro-
cytes within the striatum, we further investigated
whether GDNF genc expression in primary striatal
astrocytes in culture could be regulated by glutamate
receptor activation, We found that treatment of the
cultures with NMA and kainic acid similarly upregulated
GDNF gene expression as observed in vivo, suggesting
that striatal astrocytes express functional glutamate
recelptors. Immunocytochemical and nuclease protection
analysis revealed that striatal astrocytes expressed the
NMDA-R1 subunit, "These findings suggest the regula-
tion of GDNF mRNA in the striatum may be mediated
by excitation of glutamate receptors via glutamatergic
cortical affertents,
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Introduction

Glial cell fine-derived neurotrophic factor (GDNF)
is a potent neurotrophic factor that enhances the
survival of dopaminergic neurons and metor neu-
rons.!? It is distantly related to the transforming
growth factor-B superfamily.! In embryonic mesen-
cephalic cultures, GDNE has been shown to promote
survival and differentiation of dopamine neurons.!
More recently, administration of GDNF was found to
exert a protective and regenerative effect on the
nigrostriatal dopamine system in MPTP-injected
adult mice® It has been suggested that GDNF might

_act as a typical target-derived neurotrophic factor in
the nigro-striatal system.* Although GDNE mRNA
was initially detected in developing but not in adult
striatum,” we have recently been able to detect GDINF
mRNA expression in the adult mouse striatum.®
Other studies have shown GDNF mRNA to be
expressed in the striatum of adult rats treated with a
pilocarpine-induced epilepticus drug, suggesting the
regulation of GONF mRNA could be modified by
excitatory cortical inputs.® Additional studies have
also shown GDNF mRNA to be regulated by
glutamate-mediated excitation in the hippocampus
after kainic acid-induced seizures.”

In the present- study, our aim was to investigate
changes in GDNF mRNA levels upon activation of
glutamate receptors in the striatum. Initally, we
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treated adult rats with the glutamate agonists NMA
and kainic acid at subseizure levels in order to
characterize the effects of these substances in the
striatum in vivo. We further determined whether
these glutamatergic effects on GDNF gene expression
also occurred in striatal astrocytes in vitro. Such
regulation would imply that striatal astrocytes have
functional glutamate receptors, and we confirmed this
using immunocytochemistry and nuclease protection
assay for NMDA receptors in vitro.

Methods

In vivo study: Adult male Sprague-Dawley rats (250~
300 g) were anesthetized with ketamine (50 mg kg™,
im.) and xylazine (5 mg kg™!, im.), and a silastic
catheter was implanted into the right atrium through
the jugular vein as previously described.® N-methyl-
p,L-aspartic acid (14 mg kg™), kainic acid (2 mg kg™)
or saline were injected i.v. once hourly for a total of 4
h and rats were killed 30 min after the last injection.
RNA was isolated from striatum and was quantitated
by a nuclease protection assay as described pre-
viously.?

In witro study—primary striatal astrocyte culture:
Postnatal day 3—4 Sprague-Dawley rats were decapi-
tated, the striatum was dissected and meninges were
removed. The tissue was trypsinized and DNase
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treated for 15 min at 37°C, followed by a seties of
washes and centrifugations in MEM/Ham’s F-12
supplemented with 10% fetal bovine serum. The
resulting homogenate (cell suspension) was filtered
through a sterile 37 um nylon mesh screen, Cells were
plated at ~ 1% 10°% cells per 60 mm dish in poly-L-
lysine-coated culture dishes. The cultures were
incubated at 37°C in an atmosphere of 8% COy,
and 95% air.

Treatment: Cells at 5-7 days in vitre (> 90%
confluent) were placed into defined medium for 24
h and then treated with NMA (50 upM), kainic acid (50
M) or vehicle (100 mM sodium bicarbonate pH 8.0)
for 0,2, 4, 8 or 24 h (=5 for each group). RNA was
isolated, and was quantitated by a nuclease protection
assay as described previously.’

Immunocytochemistry: Astrocyte cultures were fixed
with 4% paraformaldehyde plus 4% sucrose in PBS at
37°C for 40 min. All washes were with phosphate-
buffered saline (PBS 0.1 M; pH 7.2) and all antibody
incubations were diluted in their appropriate blocking
solution as described below at room temperature.
Cells that were to be stained with anti-NMDA-R1
were treated with 10% DMSO for 1 h, followed by a
freeze thaw cycle to permeabilize the membrane.
Cells were pre-incubated with 10% goat serum in
PBS for 30 min and incubated with a mouse
monoclonal anti-NMDA-R1 antibody (NMDA-RI
antibody 54.1, kindly provided by Dr J.H. Morrison,
Mount Sinai School of Medicine)'? at a dilution of
1:1000 overnight. Cells stained with anti-GFAP were
pre-incubated with 10% goat serum, 0.3% triton in
PBS for 30 min and incubated with the mouse
monoclonal anti-GFAP antibody (Boehringer Mann-
heim) at a dilution of 1:50 overnight. Cells were then
incubated with biotinylated anti-mouse IgG (Vector)
at 1:200 for 2 b, followed by streptavidin-rhodamine
(Molecular Probes) at 1:500 for 1 h. 4/,6-diamidino-2-
phenylindole (DAPI) was used to visualize nuclear
DNA staining (Sigma)} at £:1500 for 10 min. For
immunocytochemical control, cultutes were incu-
bated in the absence of primary antibody.

Statistics: Significant differences in GDNF mRNA
levels between control, kainic acid and NMA
treatment groups werce analyzed using analysis of
variance (ANOVA) followed by Fisher’s protected
feast significant difference post boc analysis. The level
of significance was set at p < 0.05.

Results

In our in wivo study, GDNF gene expression in the
striztum was regulated by NMA and kainic acid. The
dosages of NMA and kainic acid injected did not
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FIG. 1. Quantitative analysls of GONF mRNA fevals in tha striatum
after kainio acid and NMA treatment for 4 b, {A) In vivo study: GDNF
mRNA levels increased significantly following kainic acid (2.3 fold,
p < 0.0t} and NMA (2.4 fold, p. 0.006) withln 4 h compared with
control saline-Injected animats. (B} Primary striatal astrocyte cullures:
GDNF mRNA increasad significantly by kainic acld (1.3 fold p<0.04]
and NMA (1.3 foid, p< 0.025) within 4 h compared with control. Bar
rapresents the mean 1:s,e.m. for n:=4 in vivo and n==§ in vitro.

produce seizure activity nor, based on the results of
others, were they likely to cause neurodegeneration.
GDNF mRNA levels quantitated by a nuclease
protection assay were significantly increased by
kainic acid (2.3-fold, p <0.01) and NMA (2.4-fold,
P <0.006) within 4 h compared with control saline-
injected animals (Fig, 1A).

To investigate whether the regulation of GDNF
gene expression can be directly regulated in striatal
astrocytes by glutamate receptor activation, primary
striatal astrocyte culeures were treated with kainic
acid, NMA or vehicle. In accordance with our
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FIG. 2. Time-course quantitative analysis of GDNF mRNA levels in
striatal astrocyte cultures 0, 2, 4, 8 and 24 h after kalnic acid and NMA
treatment. Kainic acid {dotted line) increased GDNF mRNA levels
significantly by 2 h (34%, p < 0.008) and 4 h {51%, p < 0.0002} and was
maximslly increased at 8 h {64%, p < 0.0001). By 24 h, GDNF mRNA
levels returnad to control levels. NMA (solid Hine) also incrassed GDNF
mANA lavels by 2 h {30%, p<0.06) and 4 h {34%, p<0.01},and by 8
and 24 h, GDMNF mRNA levels decreased toward eontrol levals. Each
bar represents the mean + s.0.m. for n==5 for each group.
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increase i1 wivo, we were also able to see an increase in
GDNE mRNA at 4 h in vitro (Fig. 1B). We further
characterized this effect using a time-course analysis
in the primary striatal astrocyte cultures treated with
kainic acid, NMA or vehicle. Kainic acid induced a
significant 34% increase in GDNF mRNA levels by 2
h {(p <0.008), 2 51% increase at 4 h {» <0.0002) and
was maximally induced by 54% compared to control
at 8 h (p<0.0001), By 24 h, GDNF mRNA levels
returned to control levels (Fig. 2). NMA induced a
significant 30% increase in GDNF mRNA [evels by 2
h (p < 0.05) and a 34% increase at 4 h (p <0.01). By 8
and 24 h, GDNF mRNA levels decreased toward
contral levels (Fig, 2),

The regulation of GDNF gene expression in the
striatal astrocyte cultures by the application of NMA
strongly suggests that astrocytes express NMDA
receptors. Immunocytochemical staining of the
primary striatal astrocyte cultures (5-7 days in vitro)
demonstrated that > 90% of the cells are GFAP
positive (Fig. 3A, B). When sister cultures were
immunostained with a mouse anti-NMDA-R1 mono-
clonat antibody, most of the cells (> 90%) were found
to be immunopositive, but there were considerable
vatiations in the intensity of staining (Fig. 3C, D).

To support the presence of NMDA receptor
expression in the striatal astrocyte culture, we
determined whether NMDA-RI mRNA could be
detected by nuclease protection assay from these
cultures and as shown in Fig. 3E, we were able to
detect NMDA-RI mRNA, albeit at low levels, in
RNA cxtracted from these cultures.

Discussion

The present data demonstrate that GDNF mRNA,
is regulated by activation of glutamate receptors in the
striatum. Several studies have demonstrated that
growth factor gene expression can be regulated by
excitatory amino acids.'M? It has been reported
previously that GDNE mRNA levels are up-
regulated by kainic acid-induced seizures in the
hippocampus.” In the i vivo study, we observed an
increase in GDNF mRNA expression in the striatum
in response to sub-seizure dosages of NMA and
kainic acid after 4 h of treatment, Qur finding that
exogenous administration of glutamate agonists
stimulates GDNF gene expression suggests that
endogenous glutamatergic inputs regulate GDNF

mRNA levels under physiological conditions, Thus,
in context of known basal ganglia circuitry whereby
the striatum receives major excitatory glutamatergic
afferents from the cortex, our data suggest that
GDNE gene expression may be regulated by these
cortical inputs, This observation is also consistent
with the finding that GDNF mRNA levels are
upregulated by pilocarpine-induced seizures, which
activate the cortical-striatal pathway.?

Qur in vive data clearly indicate that GDNF is
synthesized in the adult rat sttiatum, Although it has
been reported that GDNF mRNA is not expressed in
the striatum of adult rats by in situ hybridization,>1?
we were able to detect GDINF mRNA using the more
sensitive nuclease protection assay, However, the
cellular localization of where GDNF is synthesized in
wivo is still yet to be clucidated. While GDNF was
originally isolated from a glial cell line, it has been
suggested that GDNF may be expressed in neurons?
or in astrocytes® in the striatum. Recent studies have
reported cellular cxpression of GDNF mRNA in
substantia nigra i» vivo and in basal forebrain Type 1
(T'1) astrocytes in witro from developing rats using
PCR analysis."* The detection of GDNF mRNA by a
nuclease protection assay in RNA isolated from
primary striatal astrocyte cultures in the present
study demonstrates that GDNF can also be synthe-
sized by striatal astrocytes, at least in witro,

Several studies have demonstrated functional
neurotransmitter receptors on  astrocytes which,
when stimulated, cause an elevation of oscillatory
cytoplasmic free calcium, which in turn functions to
regulate signalling pathways within neurons,’® To
investigate whether GDNEF gene expression can be
directly regulated by neurotransmitter receptor
activation on astrocyte derived from the striatum,
primary striatal astrocytes cultures were treated with
NMA, kainic acid or vehicle, Our i1 vitro studies
revealed a rapid increase in GDNF mRNA levels
within 2 and 4 h after treatment with both glutamate
agonists. These results suggest that GDNF mRNA
may also be directly regulated in astrocytes in the
striatum i vitro,

The regulation of GDNF gene expression by NMA
in steiatal astrocytes in vitro strongly indicates the
presence of functional NMDA receptors on astro-
cytes. Although there is extensive evidence for the
presence of kainate and AMPA receptors on astro-
cytes,!® there is little evidence for functional NMDA

FIG. 3, Immunacytochemical and nucizase protection analysis of the NMDA-R1 subunit in striatal astrocyts culturas, (A} GFAP stalning of primary
striatal astrocyte cultures at 6-7 days in vitro, > 90% stained positive for GFAP In relation to DAPI nuclear stalning shown in (B). {C) Sister cultures
were Immunestained with mouse anti-NMDA-R1 monoclonal antibody, > 80% were found to be Immunopositive In relation to DAPI nucloar
staining shown jn panet [D). Bar =50 um (A,B), 30 pm (C,D). (E] Nuclease protection assay of NMDA-R1 mRNA In stelatal astrooyte cultures. A
standard curve with increasing amounts {810 s of 2 100 fg pl~* NMDA-R1 (+) strand) of reference RNA Is shown on thae laft, and a sample of RNA
{76 g} extracted from the striatal astrocyte cultures expressing NMBPA-R1 mRNA {0.062 amol ug~! total RNA) Is shown on the right.
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receptors on astrocytes, Recently, however, evidence
of NMDA-R1 immunoreactivity has been localized
to astrocytes in the visual cortex of adult and neonatal
rats. In addition, NMDA receptors have been
proposed to exist on another population of astro-
cytes, the retinal glial cells, and activation of NMDA
receptor has been demonstrated to stimulate their
proliferation.’® Electrophysiologic studies showed
Bergmann glial cells in the cerebellum to have a
distinct intracellular response to NMDA." In our
striatal astrocyte cultures, we have demonstrated the
presence of the NMDA-R1 subunit of the NMDA
receptor by immunocytochemistry, In agreement
with our immunocytochemical finding, we were able
to detect NMDA-R1 mRNA by nuclease protection
assay.

Conclusion

The present results demonstrate that GDNF
mRNA levels in the striatum are upregulated by
activation of glutamate receptors. Our in wivo study
showed an increase in GDNF mRNA levels in adult
rat striatum after NMA and kainic acid treatments,
Furthermore, we found an increase in GDINF mRNA
levels in primary striatal astrocyte cultures after
glutamate agonist treatment, Lastly, we provided
evidence for functional NMDA receptors on striatal
astrocytes in vitro. It has been suggested by other
studies that GDNF might act as a typical targer-
derived neurotrophic factor for mesencephalic dopa-
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mine neurons.” QOur data support the concept that
GDNF gene exprossion is regulated by glutamatergic
cortical afferents. This present study indicates that
GDNF can be transsynaptically regulated by gluta-
matergic cortico-striatal inputs which regulate the
availability of this dopaminergic trophic factor which
in turn may be retrogradely transported to dopamine
neurons,
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