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Abstract The stimulus-transcriptional coupling during ischemia/hypoxia was examined for ATP-stimulated
expression of immediate early genes (IEGs; c-fos, zif268, c-myc and nur77) in a rat brain-derived type 2 astrocyte cell
line, RBA-2. Incubation of cells with 1 mM of extracellular ATP stimulated time-dependent expression of c-fos and
zif268. ATP induced the largest increases in zif268 mRNA and a lesser one in c-fos mRNA. ATP also induced a slight
increase in nur77 mRNA but was ineffective in inducing c-myc expression in these cells. Brief exposure of cells to
potassium cyanide to simulate chemical hypoxia induced 9-fold and 7-fold transient increases in c-fos and zif268
expression, respectively, but did not affect c-myc or nur77 expression. When cyanide and ATP were added together,
the expression of c-fos and zif268 expression was inhibited, and the effect was mimicked by simulating chemical
hypoxia with sodium azide. To elucidate the mechanism involved, the effect of cyanide on ATP-stimulated increases
in intracellular Ca21 concentrations, [Ca21]i, and phospholipase D (PLD) activities were measured. Cyanide induced
an increase in [Ca2&plus;]i and further enhanced the ATP-stimulated increases in [Ca21]i and PLD activities. Never-
theless, metabolic inhibitor, iodoacetate, blocked the ATP-induced c-fos and partially inhibited zif268 expression, and
deprivation of cells with glucose also inhibited the ATP-induced c-fos expression. Taken together, these results
demonstrate that both extracellular ATP and chemical hypoxia induce c-fos and zif268 expression in RBA-2 type 2
astrocytes. The chemical hypoxia inhibited ATP-stimulated c-fos and zif268 expression is not due to alterations in Ca21

and PLD signaling, and is at least partially related to metabolic disturbance in these cells. J. Cell. Biochem. 77:323–332,
2000. © 2000 Wiley-Liss, Inc.

Key words: ATP; c-fos; chemical hypoxia; zif268; IEG; type 2 astrocytes

ATP is recognized as a neurotransmitter with
two large families of iontropic P2X and metabo-
tropic P2Y purinergic receptors [Burnstock,
1997] that might mediate neuron-astrocyte in-
teractions. In addition, astrocytes are known to
play a neuroprotective role during anoxia/
ischemia insult in the brain [Vibulsreth et al.,
1987; Swanson and Choi, 1993; Maeda et al.,

1994; Hori et al.,1996]. These studies were con-
ducted using primary astrocyte cultures con-
taining mostly type 1 astrocytes. Because of
the low yield, information regarding the role of
type 2 astrocyte during ischemia-hypoxia in-
sult is very limited. Recently, we identified that
a high concentration (1 mM) of extracellular
ATP activated P2X7 receptors, induced Ca21

influx, and stimulated phospholipase D (PLD)
in a type 2 astrocyte cell line, RBA-2 [Sun et al.,
1999]. Because high concentrations of extracel-
lular ATP could accumulate through (1) the
release of cytosolic ATP via intrinsic plasma
channels or pores in the absence of irreversible
cytolysis, and (2) stimulation-induced release
of cytosolic ATP upon sudden breakage of in-
tact cells [Dubyak and El-Moatassim, 1993],
activation of P2X7 receptors may serve as a
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neuronal signal to stimulate type 2 astrocyte
responses in ischemic/hypoxia brains.

The expression of immediate early genes
(IEGs) such as c-fos has been studied extensively.
It has become an important experimental model
for the study of stimulus-transcription coupling
because it is activated within minutes by many
different stimuli in the nervous system [Morgan
and Curran, 1991]. IEGs have been recognized as
an intracellular signal after hypoxia [Nowak,
1993] and as one of the early events in genomic
adaptations to hypoxia [Prabhakar et al., 1995].
An earlier report implied that induction of glial
c-fos in areas in which there is neuronal loss may
be important for its subsequent proliferation or
for the production of growth factors [Gunn et al.,
1990]. A rapid and transient induction of the
c-fos gene was found in astrocytes during isch-
emia [Yu et al., 1995]. Prabhakar et al. [1995]
reported hypoxia-induced cell-specific c-fos ex-
pression in PC12, hepatoblastoma (Heb3B), and
fibroblasts, but not in neuroblastoma cells. A re-
cent report demonstrated that the transcription
factor, Egr-1, encoded by zif268, was required for
the induction of a tissue factor gene during hy-
poxia [Yan et al., 1998]. Results from this heter-
ogeneous system suggest that hypoxia-induced
expression of various IEGs may involve multiple
and/or overlapping mechanisms. In order to elu-
cidate the transcription responses of RBA-2 as-
trocytes under hypoxic conditions, the present
study examines the effects of cyanide-simulated
chemical hypoxia on ATP-stimulated expression
of four immediate early genes (IEGs): c-fos,
zif268 (NGFI-A/nurr1/egr-1/Krox24/TIS8), c-myc,
and nur77 (NGFI-B/N10/NAK1/TIS1).

Brief exposure of cells to cyanide has been
used as a chemical hypoxia model system in
cortical neuron cultures [Goldberg et al., 1987;
Dubinsky and Rothman, 1991] and in PC12
cells [Carroll et al., 1992]. Because IEG expres-
sion is an important biochemical signal for
both direct and indirect hypoxia insult, and
extracellular ATP might play an important
role in activating type 2 astrocytes during isch-
emia [Sun et al., 1999], we investigated the
ATP- and cyanide-stimulated expression of
c-fos, zif268, c-myc, and nur77 in RBA-2 astro-
cytes. Our data showed that both ATP and
cyanide induced c-fos and zif268 expression.
Nevertheless, cyanide inhibited ATP-stimulated
c-fos and zif268 expression. The possible bio-
chemical mechanisms involved in the inhibition
were then evaluated.

MATERIALS AND METHODS
Materials

ATP was purchased from Sigma Chemical
Co. (St. Louis, MO) and phosphatidylethanol
(PEt) from Biomol Research Laboratories (Ply-
mouth Meeting, PA). Fetal bovine serum (FBS)
and gentamicin were from Gibco-BRL (Gaith-
ersburg, MD). Culture flasks and dishes were
from Corning Laboratory Sciences (Corning,
NY). Radioactively labeled [9,10-3H]palmitic
acid (spec act 51.0 Ci/mmol) was from NEN
Research Products (Boston, MA). Enhanced
chemiluminescence (ECL) System, Rediprime
II, Hyperfilm-MP, and Nytran membranes
were from Amersham Life Science (Bucking-
hamshire, UK). HPTLC plates (Kieselgel 60, 10
3 10 cm) and organic solvents were from
Merck KGaA (Darmstadt, Germany). Medical
x-ray film was from Fuji Photo Film Co., (To-
kyo, Japan).

Cell Culture of RBA-2 Astrocyte Cell Line

RBA-2 type 2 astrocytes have been estab-
lished and characterized as small size (15–20
m), having stellate morphology, and expressing
glial fibrillary acidic protein (GFAP), A2B5 and
glutamine synthetase antigens [Sun et al.,
1999]. These cells were continuously main-
tained in F10 medium (pH 6.2, adjusted with
bicarbonate) supplemented with 10% heat-
inactivated FBS and gentamycin (50 mg/ml).

RNA Isolation and Northern Blot Analysis

Total RNA was extracted from RBA-2 cells
by a single-step acid guanidium thiocyanate-
phenol-chloroform extraction method [Chom-
czynski and Sacchi, 1987]. For Northern blot
analysis, RNA samples (5–20 mg/lane) were ap-
plied to 1.2% agarose gel in the presence of 2.2
M formaldehyde. After electrophoresis, gels
were transblotted onto Nytran membranes and
then prehybridized at 60°C in a solution con-
taining 1% sodium dodecyl sulfate (SDS), 1 M
NaCl, 10% dextran sulfate, and 100 mg/ml of
sheared salmon sperm DNA. Complementary
DNA (cDNA) probes of c-fos [Curran et al.,
1987], nur77 [Hazel et al., 1988], c-myc [Land
et al., 1986], zif268 [Lbrandt, 1987], and
glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) [Fort et al., 1985] were labeled with
[32P]-dCTP, using the random priming labeling
system (Rediprime II). Radioactive probes (1 3
106 cpm/ml) were added directly to the prehy-
bridization solution. After hybridization, incu-
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bation for 2 h at 60°C, membranes were
washed twice in 23 SSC at room temperature
for 15 min each, followed by two 15-min washes
at 60°C in 23 saline-sodium citrate (SSC)/1%
SDS, and two 15-min washes at 60°C in 0.13
SSC. Each membrane was then exposed to
Hyperfilm-MP.

Quantitative Analysis of IEG Expression

The radioactive bands of each IEG and
GAPDH on the blots were quantified by a phos-
phorimager (Molecular Dynamics, CA). Ex-
pression of IEGs was standardized with the
respective GAPDH. The results are presented
as ratios of IEG/GAPDH in fold of controls. The
experiment was performed three times with
three separate cultures. The difference be-
tween two means was calculated by Student’s
t-test and considered statistically significant
when P # 0.05.

Measurement of [Ca21]i

Increases in [Ca21]i were determined by us-
ing the fluorescent Ca21 indicator fura-2 meth-
ods described by Grynkiewicz et al. [1985] and
Sun et al. [1999]. RBA-2 astrocytes were resus-
pended in culture medium at a density of 1 3
107 cells/ml and incubated with fura-2-AM (5
mM) for 30 min at 37°C. The cell suspension
was then rinsed twice with serum free F10
culture medium to remove the excess fura-
2-AM and resuspended in culture medium at a
density of 4 3 106/ml. It was then incubated for
20 min at room temperature to hydrolyze the
entrapped ester completely. The cell suspen-
sion (0.5 ml) was then washed, resuspended in
2.5 ml loading buffer, and then transferred to a
3-cm3 cuvette positioned in the thermostat-
regulated (37°C) sample chamber of a dual-
excitation beam spectrofluorometer (SPEX,
model CM1T111). The loading buffer consisted
of 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.2
mM CaCl2, 5 mM glucose, and 10 mM Hepes at
pH 7.4.

PLD Assay

PLD activity was measured by analyzing the
accumulation of phosphatidylethanol (PEt) in
the presence of 300 mM ethanol as described
previously [Sun et al., 1999]. In brief, RBA-2
astrocytes (1 3 106 cells/dish) were subcultured
into 60-mm dishes and cultured for 2 days.
Cells were then labeled with 1 mCi/ml of
[9,10(n)-3H]palmitic acid (spec act 51.0 Ci/

mmol) in F10 media, at pH 6.2, and supple-
mented with 2.5% FBS for 18 h. After the la-
beled medium was removed, the cells were
rinsed with wash buffer and cultured in 2 ml
loading buffer supplemented with 300 mM eth-
anol in the presence of the agonist at 37° C for
the lengths of time indicated. The reactions
were stopped by aspiration, followed by addi-
tion of 1.3 ml ice-cold methanol. Cells were
scraped from the culture dish and transferred
to a borosilicate glass test tube (13 3 100 mm);
the dish was scraped again after the addition of
1 ml water. Lipids were extracted by the addi-
tion of 2.7 ml chloroform, after which the sam-
ple was mixed by vortexing and centrifuging at
400g for 5 min to permit phase separation. The
lower organic phases were transferred to new
test tubes in which they were evaporated to
dryness. The lipids were then redissolved in
200 ml chloroform and applied to 1% potassium
oxalate pre-impregnated 10 3 10 cm Kieselgel
60 HPTLC plates (Merck, Darmstadt, Ger-
many). Additional unlabeled PEt was also ap-
plied to each sample, and the plates were sep-
arated by a one-dimensional solvent system
using the upper layer of a mixture of ethyl
acetate: iso-octane: acetic acid: H2O (65:10:10:
50, by vol). After development, the plates were
dried, the lipid bands were visualized by expo-
sure to iodine vapor, and the PEt and phospho-
lipid (PL) bands were scraped into scintillation
vials for counting by scintillation spectrometry.
The radioactivity of PEt was standardized as
dpm PEt/100,000 dpm in PL [El-Moatassim
and Dubyak, 1993].

RESULTS

ATP Stimulated c-fos, zif268, and nur77, But
Not c-myc Expression, in RBA-2 Astrocytes

The cells were subcultured in 100-mm dishes
for 2–3 days, treated with 1 mM ATP for 0–60
min and the expression of c-fos, zif268, c-myc
and nur77 were analyzed by Northern blots. As
shown in Figure 1A, ATP rapidly stimulated
time-dependent c-fos, zif268 and nur77 expres-
sion. An initial induction was observed at 15
min and peak levels at 45 min. Although all
three IEGs were induced by ATP, there are
striking differences in the levels of induction
among these three IEGs. The peak levels of
c-fos, zif268, and nur77 mRNA were 27.6-,
74.4-, and 3.7-fold, as compared with the con-
trols, respectively (Fig. 1B). ATP-induced
zif268 expression was far greater than that of
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c-fos and nur77 expression in these cells. Basal
levels of c-myc mRNA were high, and ATP
failed to elicit an increase in c-myc mRNA level
in these cells (Fig. 1B).

Chemical Hypoxia Enhanced c-fos and zif268
Expression, But Not nur77 or c-myc Expression,

in RBA-2 Astrocytes

Before this study, the effect of cyanide on the
viability of RBA-2 astrocytes was checked by
MTT assays [Mosmann, 1983; Carmichael et
al., 1987]. Our results showed that 60-min
treatment of cells with 0–1.5 mM cyanide did
not lead to significant cell death. Nevertheless,
0.5 mM cyanide decreased intracellular ATP
concentration by 50% in these cells (data not
shown). Therefore, expression of c-fos, zif268,
c-myc and nur77 was investigated in RBA-2
cells treated with 0.5 mM cyanide for 0–60 min
(chemical hypoxia) and times after removal of
treatment of cyanide for 60 min (postchemical
hypoxia). As shown in Figure 2A, cyanide rap-
idly induced c-fos and zif268 mRNA expres-
sion; significant increases were observed at 15

min with peak levels reached at 30 min. At 1 h
after removal of cyanide (postchemical hy-
poxia), IEG levels returned to the control levels
(Fig. 2A). Peak levels of cyanide-induced c-fos
and zif268 expression were 8.7- and 6.8-fold,
compared with the individual controls, respec-
tively. At 60 min of chemical hypoxia, the
mRNA levels of c-fos and zif268 remained at
3.4- and 2.8-fold compared to the individual
controls, respectively (Fig. 2B). In addition, cy-
anide did not cause rapid induction of c-myc or
nur77, but 2.2- and 1.7-fold increases were ob-
served, respectively, at 60 min in these cells.

ATP-Stimulated c-fos and zif268 Expression Was
Inhibited in Chemical Hypoxia-Treated

RBA-2 Astrocytes

Because both ATP and cyanide induced c-fos
and zif268 expression, we then investigated
whether chemical hypoxia affected ATP-
stimulated IEG expression in these cells. As
shown in Figure 3A and 3B, 15-min treatment
of cells with 0.5 mM cyanide induced 3.2- and
4.1-fold increases in c-fos and zif268 expres-

Fig. 1. Analysis of extracellular ATP-induced
immediate early genes (IEGs: c-fos, zif268,
c-myc, and nur77) expression. RBA-2 astro-
cytes were subcultured on 10-cm dishes for
2–3 days and treated with 1 mM extracellular
ATP for 0–60 min. Total RNA extraction and
Northern blot analyzsis for c-fos, zif268,
c-myc, nur77, and GAPDH are described un-
der Materials and Methods. After Northern blot
analysis, the blot was stripped and hybridized
again with a probe for GAPDH. (A) Autoradio-
graphs for ATP-induced c-fos, zif268, c-myc,
nur77, and GAPDH expression, and (B) quan-
titative analysis of c-fos, zif268, c-myc, and
nur77 were determined by phosphorimage-
densitometry analysis and ratio of IEG/GAPDH
calculated. Data represent fold of control of
mean 6 SD from three separate cultures.
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sion, respectively. Treating the cells with ATP
for 15 min induced 8.5- and 9.7-fold increases
in c-fos and zif268 expression, respectively.
However, when treating cells with cyanide plus
ATP for 15 min, the inductions of c-fos and
zif268 were 2.8- and 4.7-fold of controls, respec-
tively (Fig. 3B). Thus, ATP-stimulated c-fos
and zif268 expression was inhibited in the
presence of cyanide.

Chemical Hypoxia Enhanced ATP-Stimulated
Increases in Intracellular Ca21 Concentration

and Phospholipase D (PLD) Activities

To elucidate whether chemical hypoxia-
inhibited ATP-induced c-fos and zif268 expres-
sion was due to alterations in ATP-stimulated
signal transduction pathways, we then mea-
sured the effect of cyanide on ATP-stimulated
Ca21 signaling and PLD activities in these
cells. As shown in Figure 4A, both ATP and
cyanide stimulated rapid and sustained in-
creases in intracellular Ca21 concentrations
([Ca21]i). The ATP-stimulated increase in
[Ca21]i was more rapid and larger than that of

cyanide, and cyanide further enhanced the
ATP-stimulated Ca21 signaling. Quantitative
analysis of the net increases in [Ca21]i revealed
that the cyanide- and ATP-induced net in-
creases [Ca21]i were 115.5 6 17.5 and 46.2 6
8.5 nM, respectively. The ATP-plus-cyanide-
induced net increases in [Ca21]i was 159.5 6
14.7 nM (n 5 3). The effect was additive, sug-
gesting that ATP- and cyanide-stimulated in-
creases in [Ca21]i are mediated through sepa-
rate mechanisms in RBA-2 astrocytes.

In order to elucidate whether P2X7 receptor-
mediated signaling pathways might be altered
by cyanide, PLD activities were measured in
these cells. As shown in Figure 4C, ATP stim-
ulated PLD activity, and cyanide further en-
hanced the ATP-stimulated PLD activity.
Therefore, cyanide-inhibited ATP-stimulated
c-fos and zif268 expression could not be due to
an alteration in the P2X7 receptor-mediated
signaling system. The results also suggest that
the P2X7 receptors remain intact in the
cyanide-treated RBA-2 cells.

Fig. 2. Analysis of chemical hypoxia-induced
immediate early genes (IEGs: c-fos, zif268,
c-myc, and nur77) expression. RBA-2 astrocytes
were subcultured on 10-cm dishes for 2–3 days
and treated with 0.5 mM potassium cyanide to
induce chemical hypoxia for 0–60 min. Total
RNA extraction and Northern blot analysis for
c-fos, zif268, c-myc, nur77, and GAPDH were
performed as described under Materials and
Methods. In the case of postchemical hypoxia,
cells were treated with 0.5 mM cyanide for 1 h,
medium replaced with fresh culture medium
and further cultured for 1–24 h, RNA extraction
and Northern blot analysis were performed. A:
Autoradiographs for chemical hypoxia-induced
and postchemical hypoxia c-fos, zif268, c-myc,
nur77 and GAPDH mRNA expression. B: Quan-
titative analysis of c-fos, zif268, c-myc, and
nur77 was determined by phosphorimage-
densitometry analysis and ratio of IEG/GAPDH
calculated. Data represent fold of control of
mean 6 SD from three separate cultures.
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Sodium Azide and Iodoacetate Decreased ATP-
Stimulated c-fos and zif268

mRNA Expression

To mimic the effect of cyanide, cells were
incubated in the presence of sodium azide to
inhibit mitochondrial respiration [Rose et al.,
1998]. As shown in Figure 5, ATP-stimulated
c-fos and zif268 expression was 13- and 17-fold
that of the controls, respectively. Induction of
c-fos and zif268 mRNA by ATP plus cyanide
(ATP1KCN) and by ATP plus sodium azide
(ATP1NaAzide) were 1.2- and 5.6-fold, and
1.8- and 5.1-fold, respectively, compared to
that of the controls. Thus, cyanide and sodium

azide caused a similar magnitude of inhibition
on ATP-stimulated c-fos and zif268 expression.

To elucidate the mechanism further, cells
were incubated with a metabolic inhibitor, io-
doacetate. As shown in Figure 5B, iodoacetate
inhibited ATP-induced c-fos and zif268 mRNA
expression by 67% and 43%, respectively. In
addition, when cells were preincubated in
glucose-free medium for 6 h, ATP-induced c-fos
and zif268 mRNA expression were 6.1- and
16.9-fold compared with the controls. Depriva-
tion of glucose inhibited 53% of ATP-induced
c-fos expression but did not affect zif268 ex-
pression in these cells. Taken together,
cyanide-inhibited ATP-stimulated c-fos and
zif268 expression was, at least in part, due to
metabolic disturbance and cell ATP depletion.

DISCUSSION

Activation of P2Y receptor has been shown to
associate with induction of c-fos, c-jun, junB,
and TIS11 in astrocytes [Priller et al., 1998],
suggesting that extracellular ATP activated a
mechanism or mechanisms to stimulate tran-
scriptional responses of IEGs in astrocytes.
The present study demonstrates that 1 mM
extracellular ATP selectively induced a maxi-
mal of 28- and 74-fold increases in c-fos and
zif268 mRNA expression, respectively. Because
RBA-2 astrocyte may only possess P2X7 recep-
tors [Sun et al., 1999], ATP-induced c-fos and
zif268 mRNA expression is likely to be medi-
ated through activation of P2X7 receptors. In
addition, short-term exposure of cells to 0.5
mM cyanide to simulate chemical hypoxia also
stimulated 9- and 7-fold increases in c-fos and
zif268 expression, respectively. Thus cyanide
also activate a mechanism or mechanisms to
induce the expression of these two IEGs.

It is well documented that Ca21 is an impor-
tant regulator for c-fos transcription [Sheng et
al., 1988; Morgan and Curran, 1992]. ATP has
been shown to activate P2X7 receptors and
stimulate Ca21 influx in RBA-2 astrocytes [Sun
et al., 1999]; therefore, the ATP-stimulated
c-fos and zif268 expression is probably medi-
ated through increases in [Ca21]i or through a
Ca21-dependent pathway. However, peak lev-
els of ATP-induced zif268 expression (74-fold)
far exceed those of c-fos expression (28-fold).
ATP only slightly induced nur77 expression
(4-fold), whereas it did not affect c-myc expres-
sion in these cells. The cause of this discrep-
ancy is not known at this moment, and is prob-

Fig. 3. Effect of chemical hypoxia on ATP-induced c-fos and
zif268 expression. RBA-2 astrocytes were subcultured on
10-cm dishes for 2–3 days and treated with 0.5 mM cyanide,
ATP, or ATP plus cyanide for 15 min. Total RNA extraction and
Northern blot analysis for c-fos, zif268, and GAPDH were as
described under Materials and Methods. A: Autoradiographs for
the effect of chemical hypoxia and ATP-induced c-fos and
zif268 mRNA expression. B: Quantitative analysis of c-fos and
zif268 determined by phosphorimage-densitometry analysis
and ratio of IEG/GAPDH calculated. Data represent fold of
control of mean 6 SD from three separate cultures. *, [Signif-
icantly different means, as compared with cyanide-induced
(KCN) c-fos or zif268 expression by Student’s t-test with P #

0.05, respectively.
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ably due to mechanisms intrinsic to each IEG
in RBA-2 astrocytes.

Because cyanide stimulated increases in
[Ca21]i and induced a similar magnitude of
c-fos and zif268 expression, the effect of cya-
nide on c-fos and zif268 expression was proba-
bly mediated through the same mechanism,
likely, an increase in [Ca21]i. It has been shown
that cyanide stimulated Ca21 entry through
voltage-sensitive Ca21 channels in nerve
growth factor-differentiated PC 12 cells [Gib-
son et al., 1997] and ATP-stimulated Ca21 in-
flux through P2X7 receptors in RBA-2 astro-
cytes [Sun et al., 1999]. Thus, the synergistic
effect of ATP and cyanide on increases in
[Ca21]i is mediated through the two separate
mechanisms. This result also agrees with an
earlier finding in hippocampal neurons that
cyanide enhanced glutamate-stimulated in-
creases in [Ca21]i [Dubinsky and Rothman,
1991]. Nevertheless, their results showed that
cyanide-induced increases in [Ca21]i exceeded
those induced by glutamate. By contrast, the
ATP-induced increases in [Ca21]i exceeded
those induced by cyanide in RBA-2 astrocytes.
Because cyanide might affect Ca21 channels
[Gibson et al., 1997], the result suggests a dif-
ferential distribution of these channels be-
tween neurons and RBA-2 astrocyte. Together,
these results imply a differential Ca21 re-
sponse subsequent to neurotransmitter and
chemical hypoxia stimulation between neurons
and astrocytes.

The discrepancy between the magnitudes of
c-fos and zif268 induced by ATP may be due to
a differential sensitivity to changes in [Ca21]i
in RBA-2 astrocytes. Werlen et al. [1993] have
reported that transcription initiation of c-fos
and zif268 were extremely sensitive to [Ca21]i
in HL-60 myeloid leukemia cells. In addition,
Enslen and Soderling [1994] demonstrated a
distinct calcineurin-mediated regulation be-
tween zif268 and nur77 in PC12 cells. How-
ever, ATP can not induce IEG expression using
a serum-free buffer system in RBA-2 astrocytes
(data not shown). This finding correlates with
earlier findings that elevation of intracellular
Ca21 alone cannot induce expression of c-fos
[Mehment et al., 1990] or zif268 [Jamieson et
al., 1989]. Therefore, discrepancies between
the magnitudes of ATP-stimulated c-fos and
zif268 are probably due to differential require-
ments for other co-factors. In the present
study, cyanide did not affect nur77 expression
in RBA-2 astrocytes. Conversely, nur77 induc-

Fig. 4. Effect of chemical hypoxia on ATP-stimulated Ca21

influx and phospholipase D (PLD) activities. A: RBA-2 astro-
cytes were preloaded with fura-2, rinsed, resuspended in load-
ing buffers, and then placed inside a thermostat-regulated sam-
ple chamber. The addition of ATP (1 mM) or cyanide (0.5 mM)
is indicated by an arrow; increases in [Ca21]i are shown by
recording changes in fluorescences of fura-2 and fura-2-Ca21

as described under Materials and Methods. The experiments
were performed at least three times and results were reproduc-
ible. B: Quantitative analysis of ATP- and cyanide-stimulated
Ca21 signaling. Data represent mean 6 SD of net increases in
[Ca21]i from three determinations. *Significant difference of
means as calculated by Student’s t-test with P # 0.05, as
compared with the controls. C: RBA-2 astrocytes were subcultured
in 60-mm dishes (1 3 106 cells/dish), labeled with 3H-palmitate
for 18 h, washed, and incubated in loading buffer containing 300
mM ethanol in the presence or absence of 1 mM ATP or 0.5 mM
cyanide, and incubated for 15 min at 37°C. PLD activities were
assayed by measuring the accumulation of PEt and standarized
with 1 3 105 dpm in phospholipid (PL) as described under Ma-
terials and Methods. Data represent the mean 6 SD of dpm
PEt/100,000 dpm in PL from three determinations. *Significant
difference of means as calculated by nonpaired Student’s t-test
with P # 0.05, as compared with the controls.

329ATP- and Cyanide-Stimulated IEG Expression



tion was found in cerebral cortex in acute car-
bon monoxide-intoxicated hypoxic mice [Tang
et al., 1997]. However, ipsilateral induction of
nur77 mRNA and bilateral inductions of zif268
were found in the focal cerebral ischemia-
reperfused rat brain [Lin et al., 1996]. Thus,
the induction of IEGs may be cellular specific
in the brain.

Because IEGs encode transcription factors,
the observed ATP- and cyanide-stimulated IEG
expression may model a response of astrocytes
by which transcription factors are involved in
the induction of delayed genes. A rapid co-
induction of c-fos and zif268 has been shown in
ischemic-hypoxic immature rat brain, and is
associated with a delayed astrocyte response as
shown by increasing GFAP expression [Gubits
et al., 1993]. Hypoxia-stimulated c-fos is asso-
ciated with induction of cytoskeleton protein
genes, i.e., GFAP, vimentin, and b-actin ex-
pression in astrocytes [Yu et al., 1995]. A re-
cent report indicated that the hypoxia-induced

zif268 expression correlated with an increase
in tissue factor expression and pulmonary fi-
brin deposition in lung [Yan et al., 1998]. Our
recent studies demonstrated that ATP stimu-
lated transforming growth factor-b1 (TGF-b1)
expression in RBA-2 astrocytes (data not
shown). TGF-b1 expression has been shown to
be mediated through Zif268 [Liu et al., 1996].
Therefore, the mark induction of zif268 may
implicate a functional significance in cytokine
production of type 2 astrocytes. Taken to-
gether, ATP- and chemical hypoxia-induced
c-fos and zif268 expression may be pathophysi-
ologically important in stimulating growth or
proliferation of RBA-2 astrocytes after hypoxic
insult.

In the present study, cyanide and ATP have
a synergistic effect on Ca21 and PLD signaling,
whereas ATP-stimulated c-fos and zif268 ex-
pression was inhibited by cyanide. Although
the effect of cyanide on other ATP-induced sig-
naling pathway is not known at this moment,

Fig. 5. Effects of metabolic inhibitors on ATP-
induced c-fos and zif268 expression. RBA-2 as-
trocytes were subcultured on 10-cm dishes for
2–3 days and treated with ATP (1 mM) in the
presence or absence of 0.5 mM cyanide or 4
mM sodium azide (NaAzide) or 0.5 mM iodoac-
etate or cells deprived of glucose for 6 h as
indicated for 15 min. In the case of iodoacetate,
cells were pretreated with iodoacetate for 15
min before the addition of ATP. Total RNA ex-
traction and Northern blot analysis for c-fos,
zif268, and GAPDH were as described under
Materials and Methods. A: Autoradiographs of
c-fos and zif268 mRNA expression. B: Quanti-
tative analysis of c-fos and zif268 expression was
determined by phosphorimage-densitometry
analysis and ratio of IEG/GAPDH calculated.
Data represent the fold of control of mean 6 SD
from three separate cultures. *,[Significantly dif-
ferent means as compared with ATP-induced
c-fos or zif268 expression calculated by non-
paired Student’s t-test with P # 0.05, respec-
tively.
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inhibitions being mimicked by sodium azide
and by iodoacetate suggest that the effect may
be associated with metabolic disturbance and
cell ATP depletion in RBA-2 astrocytes. Early
studies showed that 30-min treatment of PC12
cells with cyanide reduced intracellular ATP
concentrations ([ATP]i) by 92% [Carroll et al.,
1992]. Iodoacetate inhibited [ATP]i by 40% in
cortical neuron cultures [Uto et al., 1995]. So-
dium azide combined with acidosis caused a
near-complete cell ATP depletion in astrocytes
[Swanson et al., 1997]. Furthermore, iodoac-
etate plus cyanide produced a marked deple-
tion of cell ATP [Lash et al., 1996]. Cyanide
decreased [ATP]i by 50% in RBA-2 astrocytes
(data not shown). Thus, the cyanide-,
iodoacetate-, and sodium azide-inhibited ATP-
stimulated c-fos and zif268 expression may be
related to metabolic disturbance and cell ATP
depletion in RBA-2 astrocytes. However, the
differential effects between cyanide and iodoac-
etate suggesting that other mechanisms may
be involved. Additional effects by iodoacetate
and cyanide have been reported. Uto et al.
[1995] demonstrated that the delayed neuronal
death induced by iodoacetate and cyanide was
probably mediated by free-radicals. Further-
more, iodoacetate, but not cyanide, produced
marked increase in plasma membrane perme-
ability to Na1, K1, Pi and small molecules such
as lucifer yellow [Kempson et al., 1991], and
the release of preincorporated [3H]arachidonic
acid [Webster et al., 1994]. In addition, cyanide
induced a differential activation/translocation
of protein kinase C isozymes [Huang et al.,
1999]. In the present study, deprivation of cells
with glucose for 6 h inhibited ATP-stimulated
c-fos expression by 50%, whereas it did not
affect zif268 expression. Thus, induction of
zif268 may be less energy dependent and reg-
ulated by other mechanisms. In addition, as-
trocytes possess glycogen stores [Hamprecht
and Dringen, 1995; Swanson and Choi, 1993]
and removal of glucose may stimulate an in-
crease in anaerobic glycolysis [Peuchen et al.,
1996]. Therefore, the treatment may result in
incomplete ATP depletion that lead to partial
inhibition of c-fos expression. Taken together,
cell ATP depletion may mediate, in part if not
all, the cyanide inhibited ATP-induced c-fos
and zif268 expression in RBA-2 astrocytes.

In conclusion, the results showed that extra-
cellular ATP induced large increases in c-fos
and zif268 mRNA expression in RBA-2 type 2
astrocytes. Chemical hypoxia simulated by cy-

anide also induced c-fos and zif268 mRNA ex-
pression. By contrast, cyanide treatment
blocked ATP-stimulated c-fos and zif268 ex-
pression; the blockage may be partially related
to ATP depletion, and is independent of extra-
cellular ATP- and cyanide-stimulated in-
creases in [Ca21]i or PLD signaling pathway.
In addition, cyanide may also stimulate a sep-
arate mechanism to inhibit the ATP-induced
zif268 expression.

REFERENCES

Burnstock G. 1997. The past, present and future of purine
nucleotides as signaling molecules. Neuropharmacology
36:1127–1139.

Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitch-
ell JB. 1987. Evaluation of a tetrazolium-based semiau-
tomated colorimetric assay: assessment of chemosensi-
tivity testing. Cancer Res 47:936–942.

Carroll JM, Toral-Barza L, Gibson G. 1992. Cytosolic free
calcium and gene expression during chemical hypoxia. J.
Neurochem 59:1836–1843.

Chomczynski P, Sacchi, N. 1987. Single step of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162:156–159.

Curran T, Gordon MB, Rubino KL, Sambucetti LC. 1987.
Isolation and characterization of c-fos (rat) cDNA and
analysis of post-translational modification in vitro. On-
cogene 2:79–84.

Dubinsky JM, Rothman SM. 1991. Extracellular calcium
concentration during “chemical hypoxia” and excitatoric
neuronal injury. J Neurosci 11:2545–2552.

Dubyak GR, El-Moatassim C. 1993. Signal transduction
via P2-purinergic receptors for extracellular ATP and
other nucleotides. Am J Physiol 265:C577–C606.

El-Moatassim C, Dubyak GR. 1993. Dissociation of the
pore-forming and phospholipase days activities stimu-
lated via P2z purinergic receptors in BAC1.2F5 macro-
phages. J Biol Chem 268:15571–15578.

Enslen H, Soderling TR. 1994. Roles of calmodulin-
dependent protein kinases and phosphatase in calcium-
dependent transcription of immediate early genes. J Biol
Chem 269:20872–20877.

Fort PH, Marty L, Piechaczyk M, Sabrouty SE, Dani CH,
Jeanteur PH, Blanchard JM. 1985. Various rat adult
tissues express only one major mRNA species from the
glyceraldehyde-3-phosphate-dehydrogenase multigenic
family. Nucleic Acids Res 13:1431–1443.

Gibson G, Toral-Barza L, Zhang H. 1997. Selective changes
in cell bodies and growth cones of nerve growth factor-
differentiated PC12 cells induced by chemical hypoxia. J
Neurochem 69:603–611.

Goldberg MP, Weiss JH, Pham P-C, Choi DW. 1987.
N-Methyl-D-aspartate receptor mediate hypoxic neuro-
nal injury in cortical culture. J Pharm Exp Ther 243:
784–791.

Grynkiewicz G, Poenie M, Tsien RY. 1985. A new genera-
tion of Ca21 indicators with greatly improved fluores-
cence properties. J Biol Chem 260:3440–3450.

Gubits RM, Burke RE, Casey-McIntosh G, Bandele A, Mu-
nell F. 1993. Immediate early gene induction after neo-
natal hypoxia-ischemia. Mol Brain Res 18:228–238.

331ATP- and Cyanide-Stimulated IEG Expression



Gunn AJ, Dragunow M, Faull RLM, Gluckman PD. 1990.
Effect of hypoxia-ischemia and seizures on neuronal and
glial-like c-fos protein levels in the infant rat. Brain Res
531:105–116.

Hamprecht B, Dringen R. 1995. Energy metabolism. In:
Kettenmann, Ranson, editors. Neuroglia. New York: Ox-
ford University Press. p 473–487.

Hazel TG, Nathan D, Lau LF. 1988. A gene inducible by
serum growth factors encoded a member of the steroid
and thyroid hormone receptor superfamily. Proc Natl
Acad Sci USA 85:8444–8448.

Hori O, Matsumoto M, Kuwabara K, Maeda Y, Ueda H,
Ohtsuki T, Kinoshita T, Ogawa S, Stern DM, Kamada T.
1996. Exposure of astrocytes to hypoxia/reoxygenation
enhances expression of glucose-regulated protein 78 fa-
cilitating astrocyte release of the neuroprotective cyto-
kine interleukin 6. J Neurochem 66:973–979.

Huang H-M, Weng C-H, Ou S-C, Hwang T. 1999. Selective
subcellular redistributions of protein kinase C isoforms
by chemical hypoxia. J Neurosci 56:668–678.

Kempson SA, Kunkler KJ, Murer H. 1991. Iodoacetate
action on endocytic uptake of different fluid-phase mark-
ers by OK renal epithelial cells. Biochim Biophys Acta
1091:324–328.

Jamieson GA Jr, Mayforth RD, Villerral ML, Sukhatme
VP. 1989. Multiple intracellular pathways induce ex-
pression of a zinc-finger-encoding gene (EGF1): relation-
ship to activation of Na1/H1 exchanger. J Cell Physiol
139:262–268.

Land H, Chen AC, Morganstern JP, Parada LF, Weinberg
RA. 1986. Behavior of myc and ras oncogenes in trans-
formation of rat embryo fibroblasts. Mol Cell Biol
6:1917–1925.

Lash LH, Tokarz JJ, Chen Z, Pedrosi BM, Woods EB. 1996.
ATP depletion by iodoacetate and cyanide in renal distal
tubular cells. J Pharm Exp Ther 276:194–205.

Lbrandt JM. 1987. A nerve growth factor-induced gene
encodes a possible transcriptional regulatory factor. Sci-
ence 238:797–799.

Lin TN, Chen JJ, Wang SJ, Cheng, JT, Chi SI, Shyu AB,
Sun GY, Hsu CY. 1996. Expression of NGFI-B mRNA in
a rat focal cerebral ischemia-reperfusion model. Mol
Brain Res 43:149–156.

Liu C, Calogero A, Adamson E, Mercola D. 1996. Tran-
scriptional factor EGR-1 suppresses growth and trans-
formation of human HT-1080 fibrosarcoma cells by in-
duction of transforming growth factor beta 1. Proc Natl
Acad Sci USA 93:11831–11836.

Maeda Y, Matsumoto M, Ohtsuki T, Kuwabara K, Ogawa
S, Hori O, Shui DY, Kinoshita T, Kamada T, Stern D..
1994. Hypoxia-reoxygenation mediated induction of
interleukin-6 in cultured rat astrocytes and expression
in ischemic gerbil brain: a paracrine mechanism enhanc-
ing neuron-survival. J Exp Med 180:2297–2308.

Mehment H, Morris C, Rozengurt E. 1990. Multiple syn-
ergistic signal-transduction pathways regulate c-fos ex-
pression in Swiss 3T3 cells: the role of cyclic AMP. Cell
Growth Diff 1:293–298.

Morgan JI, Curran T. 1991. Stimulus-transcription cou-
pling in nervous system: involvement of inducible proto-
oncogenes fos and jun. Annu Rev Neurosci 4:421–451.

Mosmann T. 1983. Rapid colorimetric assay for cellular
growth and survival: application to proliferation and
cytotoxicity assays. J Immunol Methods 65:55–63.

Nowak TS Jr, Osborne OC, Suga S. 1993. Stress protein
and proto-oncogene expression as indicators of neuronal
pathology after ischemia. Prog Brain Res 96:195–208.

Peuchen S, Duchen MR, Clark JB. 1996. Energy metabo-
lism of adult astrocytes in vitro. Neuroscience 71:855–
870.

Prabhakar N R, Shenoy BC, Simonson MS, Cherniack NS.
1995. Cell selective induction and transcriptional activa-
tion of immediate early genes by hypoxia. Brain Res
697:266–270.

Priller J, Reddington M, Haas CA, Kreutzberg GW. 1998.
Stimulation of P2Y-purinoceptors on astrocytes results
in immediate early gene expression and potentiation of
neuropeptide action. Neuroscience 85:521–525.

Rose CR, Waxman SG, Ransom BR. 1998. Effect of glucose
deprivation, chemical hypoxia, and simulated ischemia
on Na1 homeostasis in rat spinal cord astrocytes. J Neu-
rosci 18:3554–3562.

Sheng M, Dougan ST, McFadden G, Greenberg ME. 1988.
Calcium and growth factor pathways of c-fos transcrip-
tional activation require distinct upstream regulatory
sequences. Mol Cell Biol 8:2787–2796.

Sun SH, Lin LB, Hung AC, Kuo JS. 1999. ATP-stimulated
Ca21 influx and phospholipase days activities of a rat
brain-derived type 2 astrocyte cell line, RBA-2, are me-
diated through P2X7 receptors. J Neurochem 73:334–
343.

Swanson RA, Choi DW. 1993. Glial glycogen stores affect
neuronal survival during glucose deprivation in vitro. J
Cereb Blood Flow Metab 13:162–169.

Swanson RA, Farrell K, Stein BA. 1997. Astrocyte energet-
ics, function and death under conditions of incomplete
ischemia: a mechanism of glial death in the penumbra.
Glia 21:142–153.

Tang YP, Murata Y, Nagaya T, Noda Y, Seo H, Nabeshima
T. 1997. NGFI-B, c-fos and c-jun mRNA expression in
mouse brain after acute carbon monoxide intoxication. J
Cereb Blood Flow Metab 17:771–780.

Uto A, Dux E, Kusumoto M, Hossmann KA. 1995. Delayed
neuronal death after brief histotoxic hypoxia in vitro. J
Neurochem 64:2185–2192.

Vibulsreth S, Hefti F, Ginsburg M.D, Dietrich WD, Busto
R. 1987. Astrocytes protect cultured neurons from degen-
eration induced by anoxia. Brain Res 422:303–311.

Webster KA, Discher DJ, Bishopric NH. 1994. Regulation
of fos nad jun Immediate early genes by rodox or meta-
bolic stress in cardiac myocytes. Circ Res 74:679–686.

Werlen G, Berlin D, Conne B, Roche E, Lew DP, Prentki M.
1993. Intracellular Ca21 and the regulation of early re-
sponse gene expression in HL-60 myeloid leukemia cells.
J Biol Chem 268:16596–16601.

Yan SF, Zou YS, Gao Y, Zhai C, Mackman N, Lee SL,
Milbrandt J, Pinsky D, Kisiel W, Stern D. 1998. Tissue
factor transcription driven by Egr-1 is critical mecha-
nism of murine pulmonary fibrin deposition in hypoxia.
Proc Natl Acad Sci USA 95:8298–8303.

Yu ACH, Lee YL, Fu WY, Eng LF. 1995. Gene expression
of astrocytes during and after ischemia. Prog Brain Res
105:245–253.

332 Hung et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.

	DISCUSSION
	Fig. 4.
	Fig. 5.

	REFERENCES

