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Regulation of c-Fos and c-Jun Gene Expression by
Lipopolysaccharide and Cytokines in Primary Cultured
Astrocytes: Effect of PKA and PKC Pathways
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The effects of lipopolysaccharide (LPS) and several cytokines on the c-fos and c-jun mRNA
expression were examined in primary cultured astrocytes. Either LPS (500 ng/mL) or inter-
feron-y (IFN-y; 5 ng/mL) alone increased the level of c-fos mRNA (1 h). However, tumor necro-
sis factor-o. (TNF-¢; 10 ng/mL) or interleukin-18 (IL-18; 5 ng/mL) alone showed no significant
induction of the level of c-fos mRNA. TNF-o showed a potentiating effect in the regulation of
LPS-induced c-fos mRNA expression, whereas LPS showed an inhibitory action against IFN-y-
induced c-fos MRNA expression. LPS, but not TNF-¢, IL-1 and IFN-y, increased the level of
c-jun mRNA (1 h). TNF-o. and IFN-y showed an inhibitory action against LPS-induced c-jun
mRNA expression. Both phorbol 12-myristate 13-acetate (PMA; 2.5 mM) and forskolin (FSK; 5
mM) increased the c-fos and c-jun mRNA expressions. In addition, the level of c-fos mRNA
was expressed in an antagonistic manner when LPS was combined with PMA. When LPS was
co-treated with either PMA or FSK, it showed an additive interaction for the induction of c-jun
mRNA expression. Our results suggest that LPS and cytokines may be actively involved in the
regulation of c-fos and c-jun mRNA expressions in primary cultured astrocytes. Moreover, both
the PKA and PKC pathways may regulate the LPS-induced c-fos and c-jun mRNA expres-
sions in different ways.
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INTRODUCTION

Lipopolysaccharide (LPS), a component of the cell wall
of gram-negative bacteria, induces several genes, which
are associated with inflammation processes (Morrison
and Ryan, 1987). In addition, LPS induces TNF-o. mRNA
expression in macrophages in a synergistic manner, when
combined with interferon-y (IFN-y) (Koemer et al., 1987).
Cross-talk between the signal transduction pathways
upstream of the activation of the transcription factors
contributes to the generation of these synergistic actions
(Cheshire and Baldwin 1997; Cheshire et al., 1999;
Robinson and Cobb, 1997). Cooperative activity of
proinflammatory agents profoundly influences the immune
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response to the infections and the efficiency of cellular
clearance mechanism (Paludan, 2000).

Several lines of evidence have demonstrated that LPS
is involved in the regulation of c-fos and cjun mRNA
expressions. For example, LPS alone increased the c+jun,
but not the c-fos, mMRNA level. However, LPS showed a
potentiating effect for c-fos mMRNA expression when C6
rat glioma cells were co-treated with LPS and
cycloheximide (Kim et al., 2000). However, LPS increases
both the c-fos and c-jun mRNA levels in primary cortical
glial culture, mesangial cells and the murine macrophage
J774.2 cell line (Granger et al., 2000; Simi et al., 2000;
Tengku-Muhammad et al., 2000). In addition, several
cytokines, such as TNF-o (Ahmad et al., 1998; Ryuto et
al., 1996), IFN-y (Granger et al., 2000; Rubio, 1997) and
interleukin-1p (IL-1B) (Barnea et al., 2000; Goldring et al.,
1994), are known to be involved in the regulation of c-fos
or ¢-jun mRNA expressions in various types of cells.

Both c-fos and c-jun belong to gene families whose
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products share general structural features with other
transcription factors, which together constitute a super-
family, termed basic-zipper proteins. These proteins form
homo- and heterodimers by way of a leucine-zipper
structure (Landschulz et al., 1988). For example, Fos-Jun
heterodimers bind to the activator protein-1 (AP-1)
consensus sites (-TGACTCA-) (Rajaram and Kerppola,
1997). Both protein kinase A and C (PKA and PKC)
activators are involved in the regulation of immediate early
gene, such as c-fos and c-jun, expressions. For example,
forskolin (FSK), a PKA activator, increases the c-fos
mRNA level, but causes down-regulation of the c-jun
mRNA levels in C6 rat glioma cells (Lee et al., 2001). In
contrast, phorbol 12-myristate 13-acetate (PMA), a
protein kinase C activator, increases both the c-fos and c-
jun mRNA levels in C6 rat glioma cells (Lee ef al., 2001).

The role of LPS in the regulation of c-fos and c-jun
mRNA expressions in primary cultured astrocytes has not
been well characterized. In addition, the presumptive
modulatory roles of various kinds of proinflammatory
cytokines in the regulation of LPS-induced c-fos or c-jun
mRNA expressions are, as yet, unknown. Furthermore,
the modulatory roles of PKA and PKC activators in the
regulaton of LPS-induced c-fos and c-un mRNA
expressions have not been well characterized. Thus, in
the present study, the effects of various kinds of cytokines,
FSK or PMA were examined on the c-fos and c-jun
MRNA expressions induced by LPS in primary cultured
astrocytes.

MATERIALS AND METHODS

Primary astrocyte-enriched cultures and chemi-
cals

Primary astrocyte-enriched cultures were prepared from
the whole cortex of 1-day-old Sprague-Dawley rats. The
cortex was rapidly dissected in ice-cold calcium/
magnesium free Hank's balanced salt solution (HBSS)
(Gibco, Grand Island, NY) at pH 7.4. The tissue was then
minced, incubated in HBSS containing trypsin (2 mg/mL)
for 20 min at 37°C and washed twice in plating medium;
Dulbecco's modified Eagle's medium (DMEM) (Gibco),
containing 10% heat-inactivated fetal bovine serum (FBS)
(Gibco), 2.2 g/L sodium bicarbonate; 0.6% (w/v) D-glucose
and 20 mg/mL gentamicin, and then disrupted by trituration
through a Pasteur pipette. The cells were introduced to 25
cm? culture flasks (Falcon, Franklin, NJ). The cultures
were incubated at 37°C in 5% CO,, and after 1 day the
medium was completely changed fo the culture medium:
DMEM containing 5% heat-inactivated FBS, 2.2 g/L
sodium bicarbonate, 0.6% (w/v) D-glucose and 20 mg/mL
gentamicin. Half the culture medium was exchanged with
fresh medium twice a week. After 14-15 days the cells
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were shaken on an orbital shaker for at least one day to
remove the microglia. The cells then formed a dense
monolayer composed of mostly type | astrocytes (96%),
which were positive for giial fibrillary acidic protein (GFAP)
(Sigma, St. Louis, MQ), but rarely positive for OX42 (=3%)
(Serotech, NY), and negative for the A2B5 (Boehringer
Mannheim, Mannheim, Germany) and neurofilament 68
(Sigma) antigens (Vilin et al., 1988). The cells were
incubated with new culture medium for 24 h prior to
incubation with the chemicals. The LPS and FSK were
purchased from Sigma chemicals, the PMA from RBI
(Natick, MA) and the TNF-o, IL-1B, and IFN-y were
purchased from R&D systems (Woongbee Meditech,
Seoul, Korea).

Isolation of total RNA

Total cellular RNA was extracted from primary cultured
astrocytes using rapid guanidine thiocyanate-water
saturated phenol/chloroform extraction, and subsequently
precipitated with acidic sodium acetate (Chomczynski and
Sacchi, 1987). The total celiular RNA in the aqueous
phase was precipitated with cold isopropyl alcohol and the
pellet washed with 70% ethyl alcohol. Isolated RNA
pellets were dissolved in 30-40mL of 0.1% diethyl
pyrocarbonate (DEPC) water and 400 X diluted RNA
solution, and subjected to spectrophotometric analysis at
260 and 280 nm.

Preparation of DIG-labeled cRNA probes

The cRNA probes for c-fos (Curran et al., 1987), c-jun
(Bohman et al., 1987) and cyclophilin (Danielson et al.,
1988) were synthesized in vifro from a linearized
expression vector, which contained the SP6 or T7 viral
promoters. One microgram of the linearized plasmid was
mixed with an RNA labeling mixture containing ATP, CTP,
GTP, and Dig-labeled-UTP, transcription buffer, and SP6
or T7 RNA polymerase. After incubation at 37°C for 2 h,
the mixture was co-incubated with DNase | (RNase free)
at 37°C for 15 min, precipitated in ethanol containing
lithium chloride at 70°C for 30 min, and washed with 70%
chilled ethanol (Boehringer Mannheim, Germany).

Non-isotope Northern blot hybridization analysis
Ten micrograms of total RNA were denatured, subjected
to electrophoresis on 1% agarose-formaldehyde gels
(Kopchik ef al., 1981) and transferred to nylon hybond-N
hybridization membrane sheets (Amersham, Bucking-
hamshire, England). After UV cross-linking, the mem-
branes were prehybridized at 68°C for at least 1 h in
prehybridization buffer (5 X SSC, 50% formamide, 0.02%
SDS, 0.1% sodium N-lauroy! sarcosine, and 2% blocking
reagent). The Dig-labeled c-fos and c-jun probes were
added to prehybridization buffer containing 50% forma-
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mide. The membranes were incubated overnight at 68°C
in a shaking water bath, and washed twice for 15 min per
wash in 2 X wash solution (2X 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) at 68°C. After equilibrating the
membranes in buffer | (100 mM maleic acid [pH 7.5] and
150 mM NaCl,) for 1 min, they were gently agitated in
buffer Il (1% blocking reagent in buffer 1) for 30-60 min.
The membranes were hybridized with the diluted anti-
DIG-alkaline phosphatase [1:10,000 (75 mU/mL)] in buffer
Il for 30 min. After washing the membrane twice, for 15
min per wash, in 0.3% Tween 20 (in buffer 1), the
membranes were equilibrated in buffer lll (100 mM Tris-
HCl [pH 9.5], 100 mM NaCl and 50 mM MgCl,) for 2 min.
Diluted CSPD® (Boehringer Mannheim, Germany) (1:100
diluted in buffer Ill) was spread over the surface of
membrane, and after incubation at 37°C for 15-20 min,
were exposed to Hyperfim-ECL (Amersham, Bucking-
hamshire, England) for detection of the chemi-lumine-
scent signal. For rehybridization, the membranes were
washed for 20 min at room temperature in sterile millipore
water, then overnight at 65°C in 50 mM Tris-HCI (pH 8.0),
50% dimethylformamide and 1% SDS to remove the
hybridized probe, and rehybridized to a Dig-labeled rat
cyclophilin cRNA probe, a gene encoding peptidyl-prolyl
(propyl?) cis-trans isomerase, which is constitutively
expressed in most mammalian tissues, with the exception
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of skeletal muscle (Takahashi et al., 1989).

Statistical analysis

The expressions of c-fos and c¢-jun mRNA induced by
the chemicals were quantified with Bio-profil Bio-1D
application (Vilber-Lourmat, France), and expressed as
percentages of the control c-fos and c-jun mRNA levels.
One-way analysis of variance (ANOVA), with the
Newman-Keuls multiple comparison test, was used to
compare the relative abundance of mRNA between the
groups. P values less than 0.05 were considered
significant.

RESULTS

c-Fos and c-jun mRNA expressions by LPS and
cytokines

The concentrations of LPS (500 ng/mL), TNF-a (10 ng/
mL), IL-1B (5 ng/mL) and IFN-y (5 ng/mL) were chosen on
the basis of preliminary studies and previous publications
(Lee et al., 2003). As shown in Fig. 1A, LPS or IFN-y
alone increased the c-fos mRNA levels (1 h). However,
neither TNF-oo nor IL-1B alone showed significant
inductions of c-fos mMRNA expression. [n the interaction
study, TNF-o. showed a potentiating effect for the up-
regulation of LPS-induced c-fos mRNA expression,
whereas LPS showed an inhibitory action against IFN-y-
induced c-fos MRNA expression. In addition, IL-1p did not
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Fig. 1. The effects of lipopolysaccharide (LPS) and cytokines on c-fos (A} and c-jun (B) mRNA expressions in primary cuttured astrocytes. Northern
blot analysis was performed at 1 h in the cells treated with the LPS and cytokines. The final concentrations were as follows: LPS, 500 ng/mL; TNF-
o, 10 ng/mL; IL-1B, 5 ng/mL, and IFN-y, 5 ng/mL. Cyclophilin (CPN) was used as an internal loading control. The vertical bars in graphs indicate
the S.E.M. (*P<0.05, *P<0.01, and ***P<0.001 compared to the control group; *P<0.05 compared to the LPS-treated group; n=3 independent

experiments).
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Fig. 2. The effects of lipopolysaccharide (LPS), phorbol 12-myristate 13-acetate (PMA) and forskolin (FSK) on the c-fos (A) and c-jun (B) mRNA
expressions in primary cultured astrocytes. Northern blot analysis was performed at 1 h in the cells treated with the control medium, LPS (500 ng/
mL) alone, PMA (2.5 uM) alone, FSK (5 uM) alone and LPS plus either PMA or FSK. Cyclophilin (CPN) was used as an internal loading control.
The vertical bars in graphs indicate the S.E.M. (*P<0.05, **P<0.01, and **P<0.001 compared to the control group; *P<0.05 compared to the PMA-
treated group, *P<0.05 compared to the FSK-treated group; n=3 independent experiments).

affect LPS-induced c-fos mRNA expression.

As shown in Fig. 1B, LPS, but not TNF-o, increased the
c-jun mRNA level (1 h). Although IL-13 or IFN-y alone
appear to increase the c-jun mRNA level to some extent,
its increase was not statistically significant. TNF-o. and
IFN-y showed inhibitory actions against the LPS-induced
c-jun mRNA expression. However, 1L-13 did not affect the
LPS-induced c-jun mRNA expression.

Effect of PMA and FSK on c-fos and c-jun mRNA
expression induced by LPS

The concentrations of PMA (2.5 uM) and FSK (5 uM)
were chosen on the basis of preliminary studies and
previous publications (Won and Suh, 2000). As shown in
Fig. 2A, PMA or FSK alone increased the c-fos mRNA
levels. The c-Fos mRNA level was aiso attenuated when
PMA and LPS were combined, whereas FSK did not aiter
the LPS-induced c-fos mRNA expression.

As shown in Fig. 2B, PMA or FSK alone increased the
c-jun mRNA level. PMA or FSK showed an additive
interaction for the regulation of c-jun mMRNA expression,
when co-treated with LPS.

DISCUSSION

it was found in the present study that various kinds of
cytokines and LPS were actively involved in the regulation
of immediate early genes, such as c-fos and c-jun, in
primary cultured astrocytes. The c-fos mRNA expression
was also found to be increased in response to LPS or
IFN-y stimulation in primary cultured astrocytes. This
result was similar to the previous studies where the

upregulation of c-fos mMRNA level was found in LPS- or
IFN-y-treated human monocytes, primary cortical glial
culture, mesangial cells and the murine macrophage
J774.2 cell line (Dokter et al., 1993; Granger et al., 2000;
Rubio, 1997; Simi et al., 2000). In C6 rat glioma cells,
however, the c-fos mMRNA expression was not up-
regulated by LPS in a different kinetic way (Kim et al.,
2000). In the present study it was found that TNF-o. or IL-
1B alone did not affect the c-fos mRNA expressions in
primary cultured astrocytes. This finding was not in line
with several previous studies, where the c-fos mRNA level
was increased by TNF-o or IL-1p (Ahmad et al., 1998;
Barnea et al., 2001; Goldring et al., 1994; Ryuto et al.,
1996). Taken together, differential mechanisms may be
involved in the regulation of the c-fos mRNA expressions
by LPS and cytokines in tissue- or cell-specific ways.
However, it has not been excluded that the concentration
used in the present study was insufficient for the induction
of c-fos MRNA expression.

In the present study, it was also found that the c-jun
mRNA expression was increased by LPS stimulation in
primary cultured astrocytes. In other cells, similar results
were reported. For example, upregulation of the c¢-jun
mRNA level was found in LPS-treated primary cortical
glial cultures (Simi et al., 2000), C6 glioma cells (Kim et
al., 2000), murine macrophage J774.2 cell line (Tengku-
Muhammad et al., 2000), human myelomonocytic cells
(Bertani et al., 1989), human monocytes (Dokter et al.,
1993) and murine hippocampal cultures (Friedman et al.,
1992). Additionally, in the present study it was found that
TNF-q, IL-1f or IFN-y alone did not significantly affect the
c-jun MRNA expressions in primary cultured astrocytes.
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This finding was not in line with several previous studies,
where the c-jun mRNA level was increased by TNF-o. in
human myelomonocytic cells (Bertani et al, 1989),
human fibroblasts (Conca et al., 1989) and macrophage
(Brenner et al., 1989), by IL-1B in murine hippocampal
cultures (Friedman et al., 1992), and by IFN-y in cultured
mouse astrocytes (Rubio, 1997). Although it has not ruled
out that the concentration of cytokines in the present study
was insufficient for the induction of cjun mRNA expression,
this discrepancy was explained by the differential mecha-
nisms that might potentially be involved in the regulation
of the c-fos mRNA expressions by LPS and cytokines in
cell- or tissue-specific ways.

In addition, TNF-o. showed a potentiating effect on the
LPS-induced c-fos mRNA expression, but an inhibitory
action against the LPS-induced c-jun mRNA level.
Furthermore, IFN-y attenuated both the LPS-induced c-
fos and c-jun mRNA expressions. Although the exact
underlying mechanisms, or the significance of TNF-o. and
IFN-y in the regulation of LPS-induced c-fos and c-jun
mRNA expressions, are currently unknown, it is
suggested that multiple cytokines may act in a different
way during inflammation to regulate the c-fos and c-jun
mRNA expressions.

Previously, we have reported that PMA increased both
the c-fos and c-jun mMRNA expressions in both primary
cultured astrocytes (Won et al., 1989) and C6 rat glioma
cells (Lee et al., 2001). FSK increased the c-fos mRNA
level, whereas the c-jun mMRNA expression was down-
regulated by FSK in C6 rat glioma cells (Lee et al., 2001).
In the present study, FSK alone was demonstrated to
increase both the c-fos and c-jun mMRNA levels in primary
astrocytes. Thus, it can be easily speculated that different
signaling pathways may be involved in the c-fos and/or ¢-
jun mRNA expressions between glioma cells and primary
astrocytes. It was also found that LPS attenuated the
PMA-, but not the FSK-, induced c-fos mRNA level.
Although LPS alone was able to increase the c-fos mMRNA
expression, LPS appears to inhibit the c-fos mRNA
expression stimulated by the PKC pathway. Furthermore,
in the present study it was also found that LPS has an
additive effect on both the PMA- and FSK-induced c-jun
mRNA expressions. It is suggested that both the PKA and
PKC pathways may positively regulate the LPS-induced
c-jun mRNA expression in primary rat astrocytes.

According to several reports, alterations of the c-fos
gene have been observed during brain injury, CNS
trauma, infectious disease and ischemia (Arenander and
de Vellis, 1994; Sheng and Greenberg, 1990; Yu et al.,
1995). Among the mechanisms of several diseases,
which are related with the expressions of the c-fos and c-
jun genes, the present study suggests the expressions of
c-fos and c-jun genes in astrocytes may be modulated by

H.-W. Suh et al.

certain endotoxins, such as LPS, and various cytokines.
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