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Regulation of Immediate Early Gene Expression by Glutamate Re-
ceptor Activation in C6 Rat Glioma Cells
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We have studied the effects of excitatory amino acids on the expression of the c-fos and c-jun mRNA
in rat C6 glioma cells. The glutamate, N-methyl-p-aspartate (NMDA), and kainic acid (KA) increased c-fos
mRNA level in a concentration-dependent manner. However, they did not affect c-jun mRNA level. In
addition, forskolin and phorbol 12-myristate 13-acetate (PMA) increased c-fos mRNA level. Furthermore,
PMA increased c-jun mRNA level whereas forskolin downregulated c-jun mRNA level. The glutamate,
NMDA and KA, at a concentration of 0.25 mM, did not affect the basal c-fos and c-jun mRNA levels,
and also did not affect forskolin- and PMA-induced responses. Furthermore, both forskolin and PMA itself
increased the phosphorylation of ERK (extracellular signal regulated kinase) and CREB (cyclicAMP re-
sponsible element binding protein) proteins. The KA, NMDA, and glutamate did not affect forskolin-
induced increase of ERK and CREB phosphorylation. The KA decreased PMA-induced increase of phos-
phorylation of ERK and CREB proteins, whereas glutamate and NMDA did not affect the phosphorylation
of ERK and CREB proteins induced by PMA. These findings suggest that, in C6 glioma cells, c-fos mRNA

induction induced by EAAs is not mediated by phosphorylation of ERK and CREB proteins.
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INTRODUCTION

Excitatory amino acids (EAAs) have been divided
into three major subtypes on the basis of electro-
physiological studies performed in vivo and in vitro
on neural tissues; the kainic acid (KA) receptor, the
quisqualic acid receptor and N-methyl-p-aspartate
(NMDA) receptor (Collingridge & Lester, 1989; Young
& Fagg, 1990). Activation of NMDA, AMPA (alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid),
KA and metabotropic receptor subtypes by glutamate,
the most ubiquitous cerebral neurotransmitter, leads to
an increase in the levels of free intracellular calcium
(Coyle & Puttfarcken, 1993). Glutamate release is
closely associated with serious neurological disorders
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such as epilepsy, stroke, hypoxia, and brain trauma
(Coyle & Puttfarcken, 1993; Kalda et al, 1998). In
addition to its important role as a neurotransmitter,
glutamate at high level is excitotoxic to neurons. Glu-
tamate also increases DNA binding of the redox-
regulated transcription factors, NF-kB and AP-1, in
human neuroblastoma cells (Griffiths et al, 1997; Le-
zoualc’h et al, 1998), and increases the expression of
the immediate early gene, c-fos, in murine neuronal
cells (Griffiths et al, 1997). A rapid and transient
elevation of mRNA levels for c-fos was observed
after addition of glutamate to primary cultured astro-
cytes. Furthermore, the level of AP-1 DNA binding
activity, as measured by the electrophoretic mobility
shift assay, was also increased after addition of glu-
tamate to cultured astrocytes (Condorelli et al, 1993).
In several studies in neurons, MAPKs and CREB
were activated by excitatory amino acids (Kurino et
al, 1995; DeCoster et al, 1998; Vanhoutte et al, 1999).
However, the roles of mitogen activating protein
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kinase (MAPK) and cyclic AMP responsible element
binding protein (CREB) in the regulation of im-
mediate early genes by excitatory amino acids in glial
cells have not been well characterized.

The present studies were then designed to examine
the possible role of EAAs in the regulation of c-fos
and c-jun mRNA expression, and the phosphorylation
of ERK and CREB proteins in C6 rat glioma cells.
Furthermore, the possible modulatory role of excita-
tory amino acids in the regulation of c-fos and c-jun
mRNA expression induced by PKA (forskolin) and
PKC (PMA) activators was examined.

METHODS
Cell culture and drug treatment

C6 rat glioma cells were plated on 25 cm’ culture
flasks (Corning, NY, USA) containing growth media;
Dulbecco’s modified eagle’s medium (DMEM) (Gibco,
NY, USA) containing 10% heat inactivated Fetal bo-
vine serum (FBS) (Gibco, NY, USA), 2.2 g/l sodium
bicarbonate, 0.6% (w/v) D-glucose, and 20 mg/ml
gentamicin. The cultures were incubated at 37°C in
5% CO; for 3 days. The cells were incubated with
serum free culture medium for 24 h prior to the in-
cubation with drugs. Drugs used for the treatment
were phorbol 12-myristate 13-acetate (PMA) (RBI,
Natick, MA), forskolin (Sigma, St Louis, MO), kainic
acid (Sigma, St Louis, MO), glutamate (Sigma, St
Louis, MO), and N-methyl-D-aspartate (RBI, Natick,
MA).

Preparation of DIG-labeled cRNA probes

The cRNA probes for c-fos (Curran et al, 1987),
c-jun (Kitabayahi et al, 1990), and cyclophilin (Dani-
elson et al, 1988) were synthesized in vitro from
linearized expression pGEM-4Z vector, which con-
tained SP6 or T7 viral promoter. One microgram of
linearized plasmid was mixed with RNA labeling mix-
ture (Boehringer Mannheim, Mannheim, Germany) that
containing ATP, CTP, GTP and DIG-labeled-UTP,
and transcription buffer, and SP6 or T7 RNA poly-
merase. After incubation at 37°C for 2 h, the mixture
was co-incubated with DNase 1 (RNase free) at 37°C
for 15 min, precipitated in 100% ethanol containing
lithium chloride at 70°C for 30 min, and washed with
70% chilled ethanol.

Isolation of total RNA

Total cellular RNA was extracted from rat C6 gli-
oma cells using a rapid guanidine thiocyanate-water
saturated phenol/chloroform extraction and subsequent
precipitation with acidic sodium acetate (Chomczyn-
ski & Sacchi, 1987). Total cellular RNA in the aqu-
eous phase was precipitated with cold isopropyl alco-
hol. Isolated RNA samples were subjected to spectro-
photometric analysis at 260 nm.

Non-isotope northern blot hybridization analysis

Ten micrograms total RNA were denatured and
electrophoresed on 1% agarose-formaldehyde gels
(Kopchik et al, 1981) and transferred to nylon hy-
bond-N hybridization membrane sheets (Amersham,
Buckinghamshire, England). After UV cross-linking,
the membranes were prehybridized at 68°C for at least
1 hr in prehybridization buffer (5 X SSC, 50% forma-
mide, 0.02% SDS, 0.1% sodium N-lauroyl sarcosine,
and 2% blocking reagent). The DIG-labeled c-fos and
c-jun probes were added to prehybridization buffer
containing 50% formamide. The membranes were in-
cubated overnight at 68°C in a shaking water bath,
and washed twice for 15 min per wash in 2 X wash
solution (2 X SSC, 0.1% SDS) at room temperature.
Then, the membranes were washed twice for 15 min
per wash in 0.1 X washing solution (0.1 X SSC, 0.1%
SDS). After equilibrating the membranes in buffer I
(100 mM maleic acid [pH 7.5], 150 mM NaCl) for
1 min, the membranes were gently agitated in buffer
IT (1% blocking reagent in buffer I) for 30-60 min.
The membranes were hybridized with the diluted anti-
DIG-alkaline phosphatase [1 : 10,000 (75 mU/ml)] in
buffer II for 30 min. After washing the membrane
twice for 15 min in 0.3% Tween 20 in buffer 1, the
membranes were equilibrated in buffer HI (100 mM
Tris-HCI [pH 9.5], 100 mM NacCl, 50 mM MgCl,) for
2 min. Diluted CSPD® (Boehringer Mannheim, Man-
nheim, Germany) (1 : 100 diluted in buffer III) was
spread over the surface of membrane. After incuba-
tion of membrane at 37°C for 15~20 min, the mem-
branes were exposed to Hyperfilm-ECL (Amersham,
Buckinghamshire, England) for detection of the che-
milluminescent signal. For rehybridization, membranes
were washed for 20 min at room temperature in sterile
millipore water, then the membranes were washed for
overnight at 65°C in 50 mM Tris-HCI (pH 8.0), 50%
dimethylformamide and 1% SDS to remove the hy-
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bridized probe and rehybridized to DIG-labeled rat
cyclophilin ¢cRNA probe, a gene encoding peptidyl-
prolyl cis-trans isomerase, which is constitutively ex-
pressed in most mammalian tissues with the excep-
tion of skeletal muscle (Takahashi et al, 1989).

Total cellular protein extraction and western blot
analysis

After incubation in the presence or absence of
different stimuli (forskolin, PMA, cycloheximide, and
dexamethasone), cells were washed two times with
cold Tris buffered saline (TBS; 20 mM Trizma base
and 137 mM NaCl, pH 7.5). Immediately after wash-
ing, cells were lysed with SDS lysis buffer (62.5 mM
Trizma base, 2% w/v SDS, 10% glycerol) containing
0.1 mM Na3;VOs, 3 mg/ml aprotonin, and 20 mM NaF.
After brief sonication to shear DNA and reduce vis-
cosity, the concentration of protein was determined
with the detergent compatible protein assay reagent
(Bio-Rad Laboratories, CA, USA) using bovine serum
albumin as the standard. After adding with dithio-
threitol (5 mM) and bromophenol blue (0.1% wj/v),
the proteins were boiled, separated by electrophoresis
in 10~ 12% polyacrylamide gels, and transferred onto
a polyvinylidene difluoride membrane. The mem-
branes were immunoblotted with antibodies against

phospho-CREB and phospho-ERK1/2 (New England
Biolabs, Bevery, MA) and visualized with ECL-plus
solution (Amersham, Buckinghamshire, England).

RESULTS

The effect of EAAs on the expression of c-fos and
c-jun mRNA

C-fos and c-jun mRNA levels in rat C6 glioma
cells were examined after the treatment with EAAs,
such as KA, glutamate, and NMDA. As shown in Fig.
1, c-fos mRNA level was increased by KA, NMDA,
and glutamate in a concentration-dependent manner 1
h after drug treatment. Maximal increase of c-fos
mRNA level by all EAAs was detected at a highest
concentration (1 mM). In contrast to the results with
c-fos, KA, NMDA, and glutamate did not affect c-jun
mRNA level (Fig. 1).

The effects of c-fos and c-jun mRNA expression by
EAAs on PKA and PKC acivated C6 glioma cells

To determine if EAAs can modulate the c-fos and
c-jun mRNA expression induced by activation of
PKA and PKC pathways in C6 rat glioma cells, lower

NMDA (mM)

c-fos

c-jun

CPN

Fig. 1. The concentration-dependent effects of excitatory amino acids on c-fos and c-jun mRNA expression in C6 glioma
cells. At 1 h after (A) kainic acid (KA); (B) glutamate (GA); (C) N-methyl-D-aspartate (NMDA) treatment, the levels
of c-fos amd c-jun mRNA were examined using Northern blot analysis. The unregulated mRNA level of cyclophilin
(CPN) was used for internal loading control in Northern blot anaysis.
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Fig. 2. The effects of excitatory amino acids on c-fos and
c-jun mRNA levels in the PKA and PKC stimulated C6
glioma cells. At 1 h after (A) kainic acid (KA; 0.25 mM);
(B) glutamate (GA; 0.25 mM); (C) N-methyl-D-aspartate
(NMDA; 0.25 mM) treatment, the levels of c-fos and c-jun
mRNA were examined using Northern blot analysis. For-
skolin (FSK; 3 mM) and phorbol 12-myristate 13-acetate
(PMA; 1 mM) were pretreated 30 min prior to EAAs treat-
ment. The unregulated mRNA level of cyclophilin (CPN)
was used for loading control in Northern blot anaysis.

concentration of EAAs was cotreated with forskolin
(FSK) or PMA. The PKA activator forskolin alone
increased c-fos mRNA level whereas c-jun mRNA

FSK FSK FSK
CON FSK +KA

+GA +NMDA

p-ERK 1/2 3

p-CREB —»

Fig. 3. The effects of EAAs on the phosphorylation of
ERK 1/2 and CREB in the PKA activated C6 glioma
cells. At 1 h after EAAs (KA, GA, and NMDA; 0.25
mM) treatment, the phosphorylation of ERK 1/2 (42/44
kDa) and CREB (43 kDa) was examined using the
western blot analysis. Forskolin (FSK; 3 mM) was pre-
treated 30 min prior to EAAs treatment. Antibodies
against phospho-ERK 1/2 and phospho-CREB were used
at a 1 : 1000 dilution.
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Fig. 4. The effects of EAAs on the phosphorylation of
ERK 1/2 and CREB in the PKC activated C6 glioma
cells. At 1 h after EAAs (KA, GA, and NMDA; 0.25
mM) treatment, the phosphorylation of ERK 1/2 (42/44
kDa) and CREB (43 kDa) was examined using the
western blot analysis. Phorbol 12-myristate 13-acetate
(PMA; 1 mM) was pretreated 30 min prior to EAAs
treatment. Antibodies against phospho-ERK 1/2 and
phospho-CREB were used at a 1 : 1000 dilution.

level was down-regulated (Fig. 2). However, PKC
activator PMA alone increased both c-fos and c-jun
mRNA levels (Fig. 2). The glutamate, NMDA, and
KA, at a concentration of 0.25 mM, did not affect the
basal c-fos and c-jun mRNA levels, and did not affect
forskolin- and PMA-induced c-fos and c-jun mRNA
expressions (Fig. 2).

The effects of phosphorylation of ERK 1/2 and CREB
proteins by FAAs on PKA and PKC activated C6
glioma cells

To examine the possible role of ERK or CREB
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proteins in the regulation of immediate early gene
expression, western blot analysis using antibodies
against phospho-ERK 1/2 (p44/p42 MAPK) and phos-
pho-CREB (43 kDa) proteins were performed. Both
forskolin and PMA increased the phosphorylation of
ERK and CREB (Figs. 3 and 4). However, phospho-
ERK and phospho-CREB levels were not affected by
EAAs in a dose-dependent manner (data not shown).
The KA, NMDA, and glutamate did not affect for-
skolin-induced increase of ERK and CREB phos-
phorylation (Fig. 3). Furthermore, KA decreased PMA-
induced increase of phospho-ERK and phospho-
CREB, whereas glutamate and NMDA did not affect
the phosphorylation of ERK and CREB induced by
PMA (Fig. 4).

DISCUSSION

In the present study, we tried to characterize the
effect of EAAs on the regulation of c-fos and c-jun
immediate early genes (IEGs) in C6 rat glioma cells,
and found that EAAs (KA, glutamate, and NMDA)
increased c-fos, but not c-jun, mRNA level in a con-
centration-dependent manner. This result suggests that
both NMDA and non-NMDA receptors are involved
in induction of c-fos mRNA level by EAAs in C6
glioma cells. In addition, in primary cultured astro-
cytes, a rapid and transient elevation of mRNA level
for c-fos was observed after addition of glutamate
(Condorelli et al, 1993). Furthermore, glutamate and
KA strongly induced c-fos mRNA in oligodendrocyte
(Liu & Almazan, 1993). However, earlier study by
McNaughton & Hunt (1992) has demonstrated that
NMDA receptor activation did not affect c-fos mRNA
expression in primary cultured astrocytes. Based on
these findings, it is suggested that the role of NMDA
or non-NMDA receptors in the regulation of c-fos
mRNA expression appears to be different in several
types of glial cells.

We found in the present study that, in C6 rat
glioma cells, c-jun mRNA level is not altered by
EAAs. In contrast to our results in c-jun mRNA ex-
pression by EAAs, previous studies have reported that
EAAs cause the elevation of c-jun mRNA regulation
in primary astroglial culture (McNaughton & Hunt,
1992: Vaccarino et al, 1992; Condorelli et al, 1993).
Additionally, in neuronal cells, a number of studies
have reported that c-jun mRNA level is upregulated
by KA, glutamate, or NMDA (Szekely et al, 1989;

Condorelli et al, 1994; Bading et al, 1995; Griffiths
et al, 1997; Cheung et al, 1998). Thus, it is suggested
that the role of NMDA or non-NMDA receptors for
the regulation of c-jun mRNA expression appears to
be different in glioma cells, primary cultured astro-
cytes, and neuronal cells.

In the present study, we found that forskolin in-
creased c-fos mRNA level whereas c-jun mRNA level
was down-regulated by forskolin. In addition, PMA
increased both c-fos and c-jun mRNA levels. Re-
cently, we have reported that forskolin induced down-
regulation of c-jun mRNA expression through a PKA,
L-type calcium channels, calmodulin and Ca’" Jcal-
modulin-dependent protein kinase II (Lee et al, 1999).
The cellular action of EAAs is primarily attributed to
the Ca’" in flux (Bading et al, 1995; Rodriguez et
al, 2000; Skradski & White, 2000). Thus, it is pos-
sibly expected that EAAs may modulate c-fos ex-
pression induced by PKA or PKC activator. However,
in the present study, we found that glutamate, NMDA,
and KA, at a concentration of 0.25 mM, which did
not affect the basal c-fos and c-jun mRNA levels, did
not affect forskolin- and PMA-induced c-fos and c-jun
mRNA expression. These findings suggest that no
modulatory role of EAAs for the regulation of im-
mediate early genes expression induced by PKA and
PKC activation in C6 rat glioma cells.

To examine the involvement of phosphorylation of
ERK 1/2 and CREB proteins in EAAs-induced c-fos
mRNA expression, effects of EAAs, forskolin, and
PMA on the phosphorylation of ERK 1/2 and CREB
proteins were examined. The western blot analysis
revealed that phosphorylation of ERK and CREB
proteins was not affected by EAAs at all concen-
trations (0.1~1 mM) tested (data not shown). In
contrast to our finding, several studies have reported
that the phosphorylation of ERK 1/2 or CREB pro-
teins in primary cultured hippocampal neurons (Ku-
rino et al, 1995; DeCoster et al, 1998), cultured
striatal neurons (Schwarzschild et al, 1999), oligoden-
droglial cells (Liu et al, 1999), and auditory neurons
(Zirpel et al, 2000) were increased. In addition, we
found in the present study that forskolin or PMA itself
increases the phosphorylation of ERK 1/2 and CREB
proteins. These results are in line with previous
studies that the phosphorylation of ERK 1/2 and
CREB proteins increased by PKA or PKC activation
in astrocytes and glioma cells (Won et al, 1998; Abe
& Saito, 2000; Won & Suh, 2000). All KA, NMDA,
and glutamate did not affect the phosphorylation of
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ERK 1/2 and CREB proteins induced by forskolin.
Furthermore, NMDA and glutamate did not affect the
phosphorylation of ERK 1/2 and CREB proteins
induced by PMA. However, KA decreased the phos-
phorylation of ERK 1/2 and CREB proteins induced
by PKC activation. Although, the underlying mecha-
nism involved in this finding is currently not well
understood, our findings suggest that c-fos up-regula-
tion induced by glutamate, NMDA, and KA may not
be mediated by the phosphorylation of ERK 1/2 or
CREB protein.

In summary, in C6 rat glioma cells, c-fos mRNA
expression was increased by KA, NMDA, and glu-
tamate whereas c-jun mRNA level was not affected
by EAAs. The elevation of c-fos mRNA level induced
by KA, NMDA, and glutamate is not mediated by the
phosphorylation of ERK and CREB proteins.
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