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1 The role of the L-arginine-nitric oxide (NO) pathway on the formation of prostaglandin E2 (PGE2) by
human cultured astroglial cells incubated with interleukin-1b (IL-1b) and tumour necrosis factor-a
(TNF-a) was investigated.
2 Incubation of T 67 astroglial cell line with IL-b (10 ng ml71) and TNF-a (500 u ml71) produced a
signi®cant (P50.05) increase of both nitrite (the breakdown product of NO), cyclic GMP and PGE2

levels in cell supernatants. No-nitro-L-arginine methyl ester (L-NAME; 20 ± 300 mM), an inhibitor of NO
synthase (NOS), inhibited the increase of cyclic GMP and nitrite levels found in supernatants of
cytokine-treated astroglial cells and reduced the release of PGE2. The latter e�ect showed that the
enhanced arachidonic acid (AA) metabolism subsequent to stimulation of astroglial cells with IL-1b and
TNF-a was, at least in part, induced by NO. This occurred also when sodium nitroprusside (SNP;
120 mM), an NO donor, was incubated with astroglial cells, an e�ect antagonized by oxyhaemoglobin
(OxyHb; 10 mM).
3 The inhibition elicited by L-NAME on PGE2-release by cytokine-treated astroglial cells was reversed
by adding AA (40 mM), showing that the e�ect of NO on cytokine-dependent PGE2 release occurred at
the cyclo-oxygenase (COX) level. Furthermore, the release of PGE2 in cytokine-treated astroglial cells
was inhibited by indomethacin (10 mM), a COX inhibitor as well as by preincubating cells with
dexamethasone (20 mM), an inhibitor of inducible enzymes, showing that the inducible isoform of COX
(COX-2) was involved.

4 On the other hand, pretreating astroglial cells with methylene blue (MB; 10 mM), an inhibitor of NO
biological activity acting at the guanylate cyclase level, failed to a�ect PGE2 release in cytokine-treated
astroglial cells, leading to the conclusion that cyclic GMP changes related to NO formation are not
involved in the generation of AA metabolites.

5 The present experiments demonstrated that the release of PGE2 by astroglial cells pretreated with IL-
1b and TNF-a is due to enhanced COX-2 activity via activation of the L-arginine-NO pathway, and this
may be relevant to the understanding of the pathophysiological mechanisms underlying neuroimmune
disorders.
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Introduction

Evidence exists that astroglial cells may play a role in the
communications occurring between the neuroendocrine and
the immune system. Indeed, because of their position between

cerebral blood vessels and neurones, they represent an
important site of modulation of chemical signals coming from
peripheral tissues to the brain (Fontana et al., 1984). Indeed,
astroglial cells are able to respond to di�erent neurochemical

stimuli including several neurotransmitters and neuromodula-
tors (Pearce & Murphy, 1988; Agullo' & Garcia, 1993). In
addition, they are able to secrete cytokines as well as being a

target for cytokine activity. In particular, astroglial cells
produce interleukin 1 (IL-1; Fontana et al., 1982; 1984; Nieto
Sampedro & Berman, 1987), tumour necrosis factor (TNF;

Chung & Beneviste, 1990), IL-6 (Beneviste et al., 1990) and
prostaglandin E2 (PGE2; Lauro et al., 1986). However, the
intracellular mechanisms through which astrocytes exert their
activity in neuroimmune responses and their pathophysiologi-

cal role in neuroimmune disorders is still unclear.

In 1990 we showed, for the ®rst time, that cultured
astroglial cells release nitric oxide (NO; Mollace et al., 1990;
Murphy et al., 1990; 1993; Moncada et al., 1991) a nitrogen

free radical which is released within the brain and in peripheral
tissues through the bioconversion of L-arginine into citrulline
by NO synthase (NOS), a Ca2+/calmodulin-dependent
constitutive enzyme (see Moncada et al., 1991), thus playing

a role in some physiological mechanisms in the brain including
arousal (Baggetta et al., 1993) and neuronal plasticity
(Garthwaite, 1991). In addition, an abnormal release of NO

has been shown to occur in some cerebral disorders including
epilepsy and neurodegeneration (Mollace et al., 1991; Baggetta
et al., 1993).

Astrocytes are also able to express the inducible, Ca2+/
calmudulin-independent isoform of NOS (Mollace et al.,
1993a) which is stimulated by incubating astroglial cells with
Escherichia coli lipopolysaccharide (LPS), interleukin-1b (IL-

1b), tumor necrosis factor-a (TNF-a) and g-interferon (IFN).
The possible role of the cytokine-induced activation of NOS

on astroglial cells has recently been widely explored. In

particular, evidence has been collected indicating that NO
formation, via cytokine network, may contribute to the5Author for correspondence.

British Journal of Pharmacology (1998) 124, 742 ± 746  1998 Stockton Press All rights reserved 0007 ± 1188/98 $12.00

http://www.stockton-press.co.uk/bjp



immunocompetent activity of astroglial cells. (Colasanti et al.,
1993; Mollace et al., 1994a). Indeed, we found that major
histocompatibility complex II class antigens (MHCII), a

cytokine-dependent glycoprotein family expressed on astro-
glial cell surface during neuroimmune disorders such as
multiple sclerosis and Alzheimer disease (Wong et al., 1984;

Fierz et al., 1985; Beneviste, 1989) is modulated by inducible
NOS and is blocked by NOS inhibitors such as No-nitro-L-
arginine methyl ester (L-NAME; Colasanti et al., 1993).
However, the correlation between cytokines and L-arginine-

NO pathway in astroglial cells as well as their role in the
mechanism(s) underlying neuronal cell death remains to be
elucidated.

Activation of NOS in astroglial cells is accompanied by
activation of enzymathic pathways other than L-arginine-NO
(Mollace et al., 1994b). Indeed, preincubation of human

cultured astrocytoma cells with the HIV coating gp 120
glycoprotein has been shown to mediate a signi®cant elevation
of PGE2 levels in cell supernatant, an e�ect which seems, at
least in part, to underlie NO formation (Mollace et al., 1994b).

Since NO has been found to stimulate cyclo-oxygenase(s)
(COX) enzymes via possible activation of the eme-centre of the
enzyme, thus leading to enhanced metabolism of arachidonic

acid into prostanoids (Salvemini et al., 1993), it is likely that
gp 120 may release PGE2 via enhanced formation of NO
(Mollace & Nistico', 1995).

Thus, it seemed of interest to verify whether cross-talk
between NOS(s) and COX(s) occurs in astroglial cells and the
involvement of some neuroimmune disorders where cytokines

could play a role. Indeed, both NO and arachidonic acid
metabolites possess neurotoxic activity (Mollace et al., 1991).
In addition, astroglial cells release many cytokines in the brain
and may well represent the site where di�erent neurotoxins,

such as HIV-derived soluble antigens, may interfere with brain
tissues via cytokine-derived intercellular mediators.

The present experiments have been performed in order to

verify whether incubation of human culture astroglial cells
with IL-1b and TNF-a, at concentrations able to activate the
release of NO, enhance the release of PGE2 in cell supernatant.

In addition, the possible role of NO in activating the inducible
isoform of cyclo-oxygenase (COX-2) has also been explored.

Methods

Preparation of astrocytoma cells

Human astrocytoma cells (T67 cell line) were obtained from
explant of a III WHO gemistocytic astrocytoma (55th ± 60th

passage in culture) and were characterized by means of
monoclonal and polyclonal antibodies directed against Glial
Fibrillary Acidic Protein (GFAP), S100 protein, ®bronectin,

factor VIII and vimentin. T67 cells were grown in monolayers
within 200 ml multiwell plate (NUNC, Denmark) containing
Ham's-F10 (Gibco, U.K.) supplemented with 10% foetal calf
serum (FCS, Seralab, U.K.) and 40 mg ml71 gentamycin

(Hazleton, K.S., U.S.A.). When the cells were con¯uent, IL-
1b or TNF-a alone or in the presence of L-NAME,
indomethacin, dexamethasone or methylene blue, was added

and the cells incubated for 24 h. On the day of the experiments,
supernatants were aspirated and then assayed for PGE2, nitrite
and guanosine 3' : 5'-cyclic monophosphate (cyclic GMP).

When required, sodium nitroprusside (SNP) and arachidonic
acid (AA) alone or in the presence of oxyHb and
indomethacin, respectively, were added to untreated or
pretreated cells. Cell viability in the presence or absence of

IL-1b, TNF-a, methylene blue, L-NAME and SNP was more
than 95% as assessed by trypan blue uptake.

All experiments were performed in endotoxin-free media.

Measurement of PGE2 in supernatant of astrocytoma
cells

PGE2 was assayed by using a speci®c enzyme immunoassay
(EIA) system (Amersham, U.K.). Brie¯y, supernatant of
astrocytoma cells or standard PGE2 were incubated for 3 h

with speci®c anti-PGE2 reagent into pre-packed 96 well plate
containing a goat anti-mouse solid phase. Peroxidase labelled
PGE2 was then added to each well and incubated for a further

1 h. Unlabelled PGE2 (standard or unknown) and PGE2-
peroxidase complex competed for a limited number of binding
sites of PGE2 speci®c antibodies and the amount of peroxidase

labelled ligand was inversely proportional to the concentration
of added standard or unknown. After washing 3 times with
washing bu�er, tetramethylbenzidine (TMB)/hydrogen per-
oxide single pot substrate was added and incubated for

30 min. Addition of acid solution stopped the reaction and the
resultant colour was read at 450 nm in a microtitre plate
photometer. The concentration of unlabelled PGE2 in a

sample was determined by interpolation from a standard
curve and data were expressed as pg labelled PGE2 for each
well.

Measurement of cyclic GMP in supernatant of
astrocytoma cells

An enzyme immunoassay similar to that described for PGE2

measurement was used for assessing cyclic GMP levels in
astrocytoma cell supernatant. Standard or unknown (sample)

were acetylated by using an acetylation reagent obtained by
mixture of 1 volume of acetic anhydride with 2 volumes of
triethylamine before addition to wells. Rabbit-cyclic GMP

reagent and anti-cyclic GMP peroxidase were added to
samples into each pre-packed well containing a monkey anti-
rabbit solid phase; TMB represented the peroxidase substrate.

Changes of absorbency at 450 nm were calculated by using a
microtitre plate photometer and a standard curve ranging from
2 to 512 fmol/well was used for calculation of unlabelled cyclic
GMP into each well. Data have been expressed as fmol cyclic

GMP/0.56105 cells for each well.

Nitrite analysis

Nitrite (NO2
7) in astrocytoma cell supernatant was measured

by the Griess reaction. Aliquots of the cell supernatants were

mixed with an equal volume of Griess reagent (1%
sulphanilamide/0.1% naphlethylendiamine dihydrochloride/
2.5% H3PO4). The absorbency was measured at 546 nm and

nitrite concentration was determined with sodium nitrite as a
standard. Results are expressed as nmol NO2

7 ml71.

Materials

Sodium nitroprusside, dexamethasone, arachidonic acid,
methylene blue, sodium hydrosulphite, haemoglobin (from

bovine blood), sodium nitrite, sulphanilamide, naphthylethy-
lendiamine dihydrochloride, indomethacin, No-nitro-L-argi-
nine methyl ester were obtained from Sigma (Milan).

Oxyhaemoglobin was prepared by reduction of bovine
haemoglobin with sodium hydrosulphite. Interleukin-1b (IL-
1b) and tumor necrosis factor-a (TNF-a) were obtained from
Biogen SA (Geneva, Switzerland).
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Statistics

Results are expressed as mean+s.e.mean for (n) experiments

and Student's unpaired t test was used to determine the
signi®cant di�erence between means, and a P value of 50.05
was taken as signi®cant.

Results

E�ect of IL-1b, TNF-a and SNP on nitrite and cyclic
GMP levels in supernatant of astrocytoma cells

IL-1b (10 ng ml71; n=4) or TNF-a (500 u ml71; n=4),
incubated for 24 h with T67 astrocytoma cells, dose-
dependently increased nitrite levels in cell supernatant when

compared to control cells (Figure 1). This e�ect was inhibited
when incubation of cells with cytokines was carried out in the
presence of L-NAME (300 mM; n=4), an inhibitor of NO-
synthase (Figure 1). The rise of nitrite in supernatant of

astrocytoma cells incubated with IL-1b and TNF-a was
accompanied by a signi®cant (P50.05) increase of cyclic
GMP levels on astroglial cells (from 0.5+0.2 and 0.7+0.2 to

8+1.5 and 9+1.8 fmol/0.56105 cells, respectively; n=4), an
e�ect antagonized by methylene blue (MB; 20 mM; n=4), an
inhibitor of NO biological activity acting at the guanylate

cyclase level (from 8+1.5 and 9+1.8 to 2.5+0.6 and
1.9+0.4 fmol/0.56105 cells, respectively). Neither indometha-
cin (10 mM; n=4) nor arachidonic acid (40 mM; n=8) a�ected

basal release of nitrite in cell supernatant or IL-1b and TNF-a-
dependent increase of nitrite and cyclic GMP levels (not
shown) seen in pretreated astroglial cells. Sodium nitroprusside

(SNP 120 mM; n=4), incubated with T67 astroglial cells
signi®cantly increased nitrite levels in cell supernatant and
this was inhibited by oxyHb (10 mM; n=4), a trapping agent

for NO (Figure 1).

E�ect of L-NAME and dexamethasone on IL-1b- and
TNF-a-dependent release of PGE2 by cultured astroglial
cells

Incubation of T67 human cultured astroglial cells for 24 h with

IL-1b or TNF-a (10 ng ml71 and 500 u ml71, respectively;
n=4 for each compound), signi®cantly (P50.05) increased
PGE2 levels in cell supernatant, an e�ect antagonized by

indomethacin (10 mM; n=4; Figure 2). Pretreating cells with
dexamethasone (20 mM; n=4) signi®cantly (P50.05) blocked
PGE2 elevation subsequent to IL-1b and TNF-a activation of

astroglial cells, indicating that inducible COX-2 is responsible
for cytokine-derived enhancement of PGE2 biosynthesis
(Figure 2). Furthermore, coincubation of cells with L-NAME
(20, 100, 300 mM; n=4 for each dose), reduced IL-1b and

TNF-a-dependent elevation of PGE2 level in cell supernatants
(Figure 3), showing that the formation of NO contributed to
the release of PGE2 induced by cytokines via activation of

COX-2. Removal of either cytokines and L-NAME from cell
culture and resuspending cells in AA (40 mM; n=4)-rich fresh
medium, restored PGE2-release (Figure 3). Methylene blue

(20 mM) failed to a�ect the increase of PGE2 levels in IL-1b-
and TNF-a-pretreated astroglial cell supernatant (Figure 3),
showing that the increase in cyclic GMP produced by IL-1b
and TNF-a is not involved in PGE2-release.

SNP (120 mM; n=4) stimulated the release of PGE2 by
astrocytoma cells (Figure 2), this e�ect being antagonized by

Figure 1 IL-1b (10 ng ml71), TNF-a (500 u ml71) and SNP
(120 mM) induced an increased release of nitrite when incubated with
cultured astroglial cells. L-NAME (LN; 300 mM) and oxyhaemoglobin
(oxyHb; 10 mM) reversed this e�ect. Each column represents the mean
of 4 experiments. *P50.05, control vs IL-1b-, TNF-a- and SNP-
treated astrocytoma cells. **P50.05, IL-1b, TNF-a and SNP-treated
astrocytoma cells vs L-NAME and oxyHb, respectively.

Figure 2 IL-1b (10 ng ml71), TNF-a (500 u ml71) and SNP
(120 mM) induced an increased release of PGE2 in cell supernatant
when incubated with astroglial cells. Indomethacin (INDO; 10 mM)
dexamethasone (DEX; 20 mM) and oxyHb (10 mM), respectively,
inhibited this e�ect. Each column represents the mean of 4
experiments. *P50.05, control vs IL-1b-, TNF-a- and SNP-treated
astroglial cells. **P50.05, IL-1b-, TNF-a- and SNP-treated astroglial
cells vs INDO, DEX and oxyHb, respectively.
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oxyhaemoglobin (10 mM; n=4; Figure 2), which shows that the
e�ect of SNP on PGE2-release is due to NO formation by

astroglial cells.

Discussion

Cytokines represent an heterogeneous group of polypeptide

mediators released by immunocompetent cells that have
classically been associated with activation of the immune
system and with in¯ammatory responses. They can be

produced within the brain and are implicated as mediators of
pathologies of the central nervous system (CNS; for a review,
see Brenner et al., 1994; Hopkins & Rothwell, 1995; Faggioni
et al., 1995).

Apart from evidence that cytokines are involved as
mediators in neuroimmune disorders, the mechanism under-
lying the role of astroglial cell-derived release of cytokines in

neuronal cell death has not been fully resolved. It is known
that stimulation of cytokine-release by astroglial cells, as well
as activation of receptors for many cytokines located on the

astroglial cell membrane, is followed by important biochemical
changes including the formation of free radicals and
prostanoids (Mollace et al., 1993a; 1994a,b; Mollace &

Nistico', 1995).

Our data demonstrate that IL-1b and TNF-a, two cytokines
that contribute to the immunocompetent activity of astrocytes,
stimulate the coupled release of NO and PGE2 via activation of

inducible NOS and COX (iNOS and COX-2). In addition, the
present experiments clearly show that IL-1b- and TNF-a-
dependent elevation of PGE2 level in supernatant of astroglial

cells is modulated by NO. This was also con®rmed by the
®nding that SNP, an NO-donor, was able to enhance PGE2

generation in astroglial cells. Our data are in agreement with
evidence that NO interacts with emoproteins, such as

constitutive and inducible COX (COX-1 and COX-2) (see
Salvemini et al., 1993), in many cells including astroglial cells,
leading to enhanced formation of PGE2. This e�ect was shown

to be totally independent of an elevation of cyclic GMP
depending upon NO-release. In particular, this has also been
shown to occur in astrocytes pretreated with NMDA and

gp 120 glycoprotein (Mollace et al., 1994b; 1995), as well as in
some pathophysiological conditions such as in hypoxic
astrocytes (Mollace et al., 1998).

Thus, NO released following di�erent neurochemical

stimuli by astroglial cells, interacts with COX in astroglial
cells leading to enhanced formation of AA metabolites. This is
important since both NO and prostanoids exert many

modulatory functions in astrocytes as well as in neurones.
Indeed, activation of iNOS by LPS or cytokines leads to
modulation of constitutive release of NO, as can be found after

stimulation of NMDA receptors, indicating a feed-back
regulatory mechanism involving astroglial cells, directed
against an exaggerated excitotoxic neurotransmission (Cola-

santi et al., 1997). On the other hand, PGE2 not only a�ects
many glial immune functions, including antigen presenting cell
activity, but also contributes to immune-mediated neurode-
generative responses, as demonstrated by the bene®cial e�ect

exerted by non-steroidal anti-in¯ammatory drugs, such as
indomethacin, on experimental encephalomyelitis (Reder et
al., 1994). In addition, both AA and its metabolites, such as

PGE2, regulate the turnover of glutamate at the amino
acidergic nerve endings and interfere with NMDA receptors,
thus playing a modulatory role in excitotoxic mechanisms

within the CNS (see Mollace & Nistico', 1995).
In conclusion, our data provide further evidence that

astroglial cells represent an important site of cooperation
between constitutive and inducible NOS and COX, thereby

exerting an important modulatory role under physiological as
well as pathological conditions. In addition, interactions
between NO and prostanoids, mainly after stimulation of

astroglial cells with exogenous as well as endogenous
cytokines, may represent one of the most important
mechanisms through which many neurotoxins produce

neurodegenerative e�ects and this sheds new light onto the
pharmacological approach to neuroimmune disorders.
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Figure 3 The elevation of PGE2 level in supernatant of astroglial
cells treated with IL-1b (10 ng ml71) and TNF-a (500 u ml71) was
reduced by the NOS inhibitor L-NAME (LN; 300 mM), an e�ect
which was reversed by arachidonic acid (AA; 30 mM). Methylene blue
(MB) failed to a�ect IL-1b- and TNFa-dependent PGE2 release.
Each column represents the mean of 4 experiments. *P50.05, IL-1b-
and TNFa-treated cells vs LN. **P50.05, LN alone vs LN+AA.

References

AGULLO', L. & GARCIA, A. (1991). Norepinephine increases cyclic
GMP in astrocytes by a mechanism dependent on nitric oxide
synthesis. Eur. J. Pharmacol., 206, 343 ± 346.

BAGGETTA, G., IANNONE, M., DEL DUCA, C. & NISTICO', G. (1993).
Inhibition by No-nitro-L-arginine methyl ester of electrocortical
arousal response in rats. Br. J. Pharmacol., 108, 858 ± 860.

Nitric oxide modulates COX±2 in astroglial cells 745V. Mollace et al



BENEVISTE, E.N. (1989). Tumor necrosis factor a enhances
interferon gamma-mediated class II antigen expression on
astrocytes. J. Neuroimmunol., 25, 209 ± 219.

BENEVISTE, E.N., SPARACIO, S.M., NORRIS, J.G., GRENETT, H.E. &

FULLER, J.M. (1990). Induction and regulation of interleukin-6
gene expression in rat astrocytes. J. Neuroimmunol., 30, 201 ± 212.

BRENNER, T., YAMIN, A. & GALLILY, R. (1994). Mycoplasma
triggering of nitric oxide production by central nervous system
glial cells and its inhibition by glucocorticoids. Brain Res., 641,
51 ± 56.

CHUNG, I.Y. & BENEVISTE, E.N. (1990). Tumor necrosis factor
production by astrocytes. Induction by lipopolysaccharide, gIFN
and IL1b. J. Immunol., 8, 2999 ± 3007.

COLASANTI, M., CAVALIERI, E., PERSICHINI, T., MOLLACE, V.,

MARIOTTO, S., SUZUKI, H. & LAURO, G.M. (1997). Bacterial
lipopolysaccharide plus interferon-gamma elicit a very fast
inhibition of a Ca2+-dependent nitric oxide synthase activity in
human astrocytoma cells. J. Biol. Chem., 272, 7582 ± 7585.

COLASANTI, M., MOLLACE, V., CUNDARI, E., MASSOUD, R.,

NISTICO', G. & LAURO, G.M. (1993). The generation of nitric
oxide participates in gIFN-induced MHC class II antigen
expression by cultured astrocytoma cells. Int. J. Immunopharma-
col., 15, 763 ± 771.

FAGGIONI, R., BENIGNI, F. & GHEZZI, P. (1995). Proin¯ammatory
cytokines as pathogenetic mediators in the central nervous
system: brain-periphery connections. Neurimmunomodulation, 2,
2 ± 15.

FIERZ, W., ENDLER, B., RESKE, K., WEKERLEE, H. & FONTANA, A.

(1985). Astrocytes as antigen presenting cells. Induction of Ia
expression on astrocytes by T cells via immune interferon and its
e�ect on antigen presentation. J. Immunol., 134, 3785 ± 3793.

FONTANA, A., HENGARTNER, H., DE TRIBOLET, N. & WEBER, E.

(1984). Glioblastoma cells release interleukin 1 and factors
inhibiting interleukin 2-mediated e�ects. J. Immunol., 132,
1837 ± 1844.

FONTANA, A., KRISTENSEN, F., DUBS, R., GEMSA, D. & WEBER, E.

(1982). Production of prostaglandin E2 and interleukin 1-like
factor by cultured astrocytes and glioma cells. J. Immunol., 129,
2413 ± 2419.

GARTHWAITE, J. (1991). Glutamate, nitric oxide and cell-cell
signalling in the nervous system. Trends Neurosci., 14, 60 ± 67.

HOPKINS, S.J. & ROTHWELL, N.J. (1995). Cytokines and the nervous
system: I: Expression and recognition. Trends Neurosci., 18, 83 ±
88.

LAURO, G.M., DI LORENZO, N., GROSSI, M., MALECI, A. &

GUIDETTI, B. (1986). Prostaglandin E2 as an immunomodulating
factor released in vitro by human glioma cells. Acta Neuropathol.
(Berlin), 69, 278 ± 282.

MOLLACE, V., BAGGETTA, G. & NISTICO', G. (1991). Evidence that
L-arginine possesses proconvulsant e�ects mediated through
nitric oxide. NeuroReport, 2, 269 ± 272.

MOLLACE, V., COLASANTI, M., MASSOUD, R., RODINO', P.,

CUNDARI, E., LAURO, G.M. & NISTICO', G. (1994a). Role of
nitric oxide generation in the immunocompetent activity of
astrocytoma cells. In Nitric Oxide: Brain and the Immune System.
ed. Nistico', G., Higgs A. & Mondada, S., 173 ± 179. London:
Portland Press.

MOLLACE, V., COLASANTI, M., MASSOUD, R., RODINO', P.,

LAURO, G.M. & NISTICO', G. (1993a). Cytokine-induced release
of nitric oxide generation by cultured astrocytoma cells involves
a Ca++-calmodulin-dependent NO-synthase. Biochem. Biophys.
Res. Commun., 191, 327 ± 334.

MOLLACE, V., COLASANTI, M., PERSICHINI, T., BAGGETTA, G.,

LAURO, G.M. & NISTICO', G. (1993b). HIV gp 120 glycoprotein
stimulates the inducible isoform of NOS in human cutured
astrocytoma cells. Biochem. Biophys. Res. Commun., 194, 439 ±
445.

MOLLACE, V., COLASANTI, M., RODINOÁ , P., LAURO, G.M. &

NISTICO', G. (1994b). HIV coating gp 120 glycoprotein-depen-
dent prostaglandin E2 release by human cultured astrocytoma
cells is regulated by nitric oxide formation. Biochem. Biophys.
Res. Commun., 203, 87 ± 92.

MOLLACE, V., MUSCOLI, C., ROTIROTI, D. & NISTICO', G. (1998).
Spontaneous induction of nitric oxide- and prostaglandin E2-
release by hypoxic astroglial cells is modulated by interleukin 1b.
Biochem. Biophys. Res. Commun., (in press).

MOLLACE, V. & NISTICO', G. (1995). Release of nitric oxide from
astroglial cells: a Key mechanism in neurimmune disorders. Adv.
Neurimmunol., 5, 421 ± 430.

MOLLACE, V., SALVEMINI, D., ANGGARD, E. & VANE, J. (1990).
Cultured astrocytoma cells inhibit platelet aggregation by
releasing a nitric oxide-like factor. Biochem. Biophys. Res.
Commun., 172, 564 ± 569.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1991). Nitric oxide:
physiology, pathophysiology and pharmacology. Pharmacol.
Rev., 43, 109 ± 142.

MURPHY, S., MINOR, R.L., WELK, G. & HARRISON, D.G. (1990).
Evidence for an astrocyte-derived vasorelaxing factor with
properties similar to nitric oxide. J. Neurochem., 55, 524 ± 527.

MURPHY, S.. SIMMONS, M.L., AGULLO, L., GARCIA, A., FEIN-

STEIN, D.L., GALEA, E., REIS, D.J. & SCHWARTZ, J.P. (1993).
Synthesis of nitric oxide in CNS glial cells. Trends Neurosci., 17,
105 ± 116.

NIETO SAMPEDRO, M. & BERMAN, M.A. (1987). Interleukin-1 like
activity in rat brain: sources, target and e�ect of injury. J.
Neurosci. Res., 17, 214 ± 219.

PEARCE, B. & MURPHY, S. (1988). Neurotransmitter receptors
coupled to inositol phospholipid turnover and Ca2+ ¯ux:
consequences for astrocyte function. In: Glial Cell Receptors.
ed Kimelberg, H.T., pp. 1 ± 12. New York: Raven Press.

REDER, A.T., THAPAR, M., SAPUGAY, A.M. & JENSEN, M.A. (1994).
Prostaglandin and inhibitors of arachidonate metabolism sup-
press experimental allergic encephalomyelitis. J. Neuroimmunol.,
54, 117 ± 127.

SALVEMINI, D., MISKO, T.P., MASFERRER, J.L., SEIBERT, K.,

CURRIE, M.G. & NEEDELMAN, P. (1993). Nitric oxide activates
cyclooxygenase enzymes. Proc. Natl. Acad. Sci. U.S.A., 90,
7240 ± 7244.

WONG, G.H.W., BARTLETT, P.F., CLARK-LEWIS, I., BATTHYE, F. &

SCHRADER, J.W. (1984). Inducible expression of the H2 and Ia
antigens on brain cells. Nature, 310, 688 ± 691.

(Received October 14, 1997
Revised February 11, 1998

Accepted February 25, 1998)

Nitric oxide modulates COX±2 in astroglial cells746 V. Mollace et al


