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Abstract Since NO production by NOS-2 made by astrocytes activated by proinflammatory cytokines contributes
to the killing of neurons in variously damaged human brains, knowing the mechanisms responsible for NOS-2 expression
should contribute to developing effective therapeutics. The expression and activation of NOS-2 in normal adult human
cerebral cortical astrocytes treated with three proinflammatory cytokines, IL-1B, TNF-o, and IFN-y, are driven by two
separable mechanisms. NOS-2 expression requires a burst of p38 MAPK activity, while the activation of the resulting
enzyme protein requires MEK/ERK-dependent BH, (tetrahydrobiopterin) synthesis between 24 and 24.5 h after adding the
cytokines to the culture medium. Here we show that NOS-2 expression in the activated astrocytes requires that the culture
medium contain 1.8 mM Ca’®", but it is unaffected by inhibiting calcium-sensing receptors (CASRs) with NPS 89636.
However, NOS-2 activation is inhibited by NPS 89626 during the MEK/ERK-dependent stage between 24 and 24.5 h after
adding the cytokines, and this inhibition can be overridden by exogenous BH,4. Therefore, NOS-2 expression and
the subsequent BH,-dependent NOS-2-activation in human astrocytes need 1.8 mM Ca”" to be in the culture medium,
while NOS-2 activation also needs functional CASRs between 24 and 24.5 h after cytokine addition. These findings
raise the possibility that calcilytic drugs prevent NO-induced damage and death of human neurons. J. Cell. Biochem. 96:
428-438, 2005. © 2005 Wiley-Liss, Inc.
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When the brain is injured by stroke, head
trauma or by the Alzheimer and Parkinson
disease processes, astrocytes respond to the
build-up of proinflammatory cytokines, such
as IL-1B, TNF-o, and IFN-y from activated
microglia by making among other things the

Grant sponsor: Italian Ministry for University and
Research (MIUR; 60% allotment funds).

*Correspondence to: Dr. James F. Whitfield, PhD, Institute
for Biological Sciences, National Research Council of
Canada, Montreal Road 51, Ottawa K1AONG6, Ontario,
Canada. E-mail: pthosteo@rogers.com

Received 18 February 2005; Accepted 18 March 2005
DOI 10.1002/jcb.20511
© 2005 Wiley-Liss, Inc.

short-lived, weakly oxidizing NO, which is con-
verted to the long-lived, cytotoxic, strongly
oxidizing peroxynitrite radical (ONOO™) that
can harm and kill the neurons functionally
and physically associated with the astrocytes
[Ransom and Santheimer, 1992; Norenberg,
1994; McGeer and McGeer, 1995, 1999, 2003,
2004; Mrak et al., 1995; Dawson and Dawson,
1996; Hunot et al., 1996; Lincoln et al., 1997;
Grzybicki et al., 1998; Wada et al., 1998; McGeer
et al., 2000; Boczkowski et al., 2001; Rah et al.,
2001; Estévez and Jordan, 2002; Khaldi et al.,
2002; Leong et al., 2002; Liu et al.,, 2002;
Hansson and Ronnback, 2003; Hirsch et al.,
2003; Nedergaard et al., 2003; Ransom et al.,
2003; Barbeito et al., 2004; Blasko et al., 2004;
Dokmeci, 2004; Hertz and Zielke, 2004; Lin and
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Bergles, 2004; Saez et al., 2004; Schipke and
Kettenmann, 2004; Schultz and Falkenburger,
2004; Zhao, 2005]. This NO could be made by
any one of the three main types of NOS (NO
synthase)—neuronal NOS-1 (or nNOS), the
inducible and the most productive NOS-2 (or
iNOS), and endothelial cell NOS-3 (eNOS or
ecNOS) [Lincoln et al.,, 1997; Baltrons and
Garcia, 2001; Boczkowski et al., 2001]. But the
large amount of NO made by proinflammatory
cytokine-activated astrocytes is made by NOS-2
which, unlike the other two enzymes, is not
directly controlled by Ca®" or Ca®" - calmodulin
because it carries its own “built-in” calmodulin
[Lincoln et al., 1997; Baltrons and Garcia, 2001].
Also unlike the other two enzymes, NOS-2 is not
expressed by the astrocytes in a normal brain or
by proliferatively quiescent astrocytes in cul-
ture, but it is induced when the cells are activat-
ed by the signals from proinflammatory cytokine
receptors [Suzuki et al., 1995; Grzybicki et al.,
1998; Wada et al., 1998; Zamora et al., 2000;
Baltrons and Garcia, 2001; Chiarini et al., 2005].

Since NOS-2 makes the NO that injures and
kills neurons in variously damaged brains,
finding out what induces it should help to
design effective therapeutics. Indeed, for exam-
ple, inhibiting the expression of the NOS-2 gene
with the p38 MAPK inhibitor SB203580 or
inhibiting the activation of the NOS-2 protein
by MEK1 with PD98059 significantly reduces
damage from a head blow or focal ischemia inrat
and mouse brains, respectively [Wada et al.,
1998; Alessandriniet al., 1999; Piao et al., 2003].
Neufeld and Liu [2003b] have reported that
NOS-2 inhibitors prevent the NO-mediated
killing of retinal ganglion cells in glaucomatous
neuropathy.

We have been explicating the mechanisms
responsible for the build-up of NOS-2 in freshly
isolated proliferatively quiescent, phenotypi-
cally stable, adult human cerebral astrocytes
exposed to the three proinflammatory cytokines
(IL-1B, IFN-y, TNF-o) that are most often found
in injured or diseased brains [Chiarini et al.,
2005]. We have so far found that this cytokine
triad turns on two mechanisms that together
induce the appearance, accumulation, and acti-
vation of NOS-2. One mechanism stimulates the
build-up of inactive NOS-2 protein and needs
p38 MAPK activation to do so [Neufeld and
Liu, 2003a,b; Chiarini et al., 2005]. The
second mechanism, which operates between 24
and 24.5 h after adding the cytokines to the

culture medium, stimulates the production of
BH, (tetrahydrobiopterin) needed to activate
the accumulating NOS-2 proteins and requires
MEK1/MEK2 activities to do so [Chiarini et al.,
2005].

In this communication, we use a Ca®"-sensing
receptor (CASR) [Chattopadhyay et al., 2000,
Chattopadhyay and Brown, 2003] inhibitor, the
“calcilytic” NPS 89636 [Nemeth et al., 2001;
Dvorak et al., 2004], to show that the initiation
of NOS-2 expression and subsequent NOS-2-
activation require that 1.8 mM Ca®" be in the
culture medium and that functional CASRs are
needed between 24 and 24.5 h after addition of
the cytokine triad to start the BH,-dependent
NOS-2-activating second mechanism.

MATERIALS AND METHODS

Isolation and Culturing of Phenotypically
Normal Human Astrocytes

For these experiments a small sample of
cortical tissue was taken from the temporal lobe
of an otherwise normal young male who had
suffered a severe head injury in a motorcycle
accident. As described in more detail by Chiar-
ini et al. [2005], the cells in the cortical sample
were released by mild treatment with 0.25%"/"
trypsin (Sigma-Aldrich, Italy) and trituration in
Hanks’ Balanced Salt Solution (BSS; Eurobio,
France) at 18°C.

The isolated cells were planted in culture
flasks (BD Biosciences, France) containing a
medium consisting of 89%"" of a 1:1 mixture of
Ham’s F-12 and MCDB 153 media (Sigma-
Aldrich), 10%"" heat-inactivated (at 56°C for
30 min) fetal bovine serum (FBS; BioWhittaker
Europe, Belgium), and 1%"" of a penicillin-
streptomycin solution (Eurobio). Basic fibro-
blast growth factor (bFGF or FGF-2; 20 ng/ml;
PeproTech EC Ltd., England), insulin-like
growth factor-I (IGF-I; 20 ng/ml; PeproTech),
platelet-derived growth factor (PDGF; 20 ng/ml;
PeproTech), and epidermal growth factor (EGF;
10 nM; Sigma-Aldrich) were added to the
medium to enhance the initial proliferation
and selection of the astrocytes in the mixed cell
population. This complete medium was replac-
ed every 2—3 days.

When the primary mixed cultures became
70% “confluent” (1—4 weeks), the cells were
detached from the flask surfaces with 0.25%"""
trypsin and 0.02%"" EDTA (Eurobio) in Hanks’
BSS, split 1:4 and planted in new flasks. After
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the third subculture a homogeneous population
of astrocytes appeared and the growth factors
were no longer needed. Just as had occurred
with the nerve cells isolated from four other
individuals, the cells from the fifth sub-
ject became stably “locked into” an astrocyte’s
phenotype; in fact, they only expressed astro-
cyte-specific markers such as glial fibrillary acid
protein (GFAP) and glutamine synthase (GS).
Conversely, none of them expressed neu-
ronal (enolase), oligodendrocytes’ (galactocere-
broside), microglial (CD-68), or endothelial cell
(factor VIII) markers. These astrocytes prolif-
erated slowly without added growth factors in
serum-enriched Ham’s F-12/MCDB 153 med-
ium. Thus withdrawing growth factors after
the third passage did not prevent the astro-
cytes from proliferating to “confluence” and
expressing their characteristic astrocyte mar-
kers—they were by now phenotypically “locked
in.” But they still needed serum and with-
drawing it caused them to self-destruct by
apoptosis. The proliferatively quiescent cells in
confluent astrocyte cultures started cycling
again when subcultured. At least 15—18 sub-
cultures could be obtained over 2.5 years from a
piece of normal cortex. Only astrocytes from the
4th to 8th subculture were used because the
response of the cells to proinflammatory cyto-
kines became erratic with further subculturing.

Experimental Protocol

Since astrocytes are normally not proliferat-
ing in the adult human brain when they
are assaulted by injury-induced proinflamma-
tory cytokines, we studied the role of Ca®" and
CASR in NOS-2 induction and activation by
cytokines using confluent, proliferatively quies-
cent pure astrocyte cultures. Thus, at the
experimental “time-0”, some such cultures
served as untreated controls while others had
IL-1B (20 ng/ml), TNF-« (20 ng/ml), and IFN-y
(70 ng/ml) (all from PeproTech) added to their
medium.

We used the specific CASR inhibitor NPS
89636 (from NPS Pharmaceutical, Inc., Toronto,
Canada) [Nemeth et al., 2001; Dvorak et al.,
2004] to find out whether CASR signaling is
needed for NOS-2 expression and/or activation.
The inhibitor was first dissolved in dimethy-
Isulfoxide (DMSO) to make a 100 pM stock
solution which was finally diluted to 100 nM in
the culture medium. In one set of experiments,
NPS 89636 (like the U0126 MEK1/MEK2

inhibitor used in our previous study [Chiarini
et al., 2005]) was added for 30 min and then
washed out just before the cytokines were
added, and then added again at 24 h and washed
out at 24.5 h. To do this, the cell-conditioned
cytokine-free medium was carefully remov-
ed and medium containing 100 nM NPS 89636
was put on the cultures for 30 min after which
it was removed by washout and the original
cell-conditioned NPS 89636-free, but now cyto-
kine-containing medium was put back on the
cultures and the experiment began. This was
repeated, washout included, for another 30 min
at 24 h after adding the cytokines. This was done
to block any signaling of the CASR in response
to the cytokine triad exposure during the first
24 h of the cells’ response to the cytokines. Then
to find out when CASR signaling affected the
NOS-2/NO responses to the cytokines during
the first 24 h, NPS 89636 was added either for
30 min and then washed out just before adding
the cytokines or for 30 min at 24 h after adding
the cytokines and washed out 30 min later.

Measurement of NO Released
Into the Medium

The amount of NO that the cells released was
determined from the concentrations of NO’s two
stable oxidation products, NO; and NOg, in
their medium. The fluorometric method we used
is based upon the reaction of NO; with 2,3-
diamino-naphthalene (DAN; Sigma-Aldrich) to
form the fluorescent 1-(H)-naphthotriazole
[Misko et al., 1993]. Nitrates in the medium
were reduced to NOg by incubation for 30 min
with nitrate reductase (0.1 U/ml; Boehringer
Mannheim, Germany) in the presence of 10 uM
FAD and 100 uyM NADPH. Any residual
NADPH was then oxidized with lactate dehy-
drogenase (10 U/ml) in the presence of 10 mM
sodium pyruvate. The total NOg concentration
was then determined in 50 pl samples of the
culture supernatants that were brought up to
100 ul with doubly deionized water. Freshly
prepared DAN (10 pl of a 0.05 mg/ml solution in
0.62M HCI) was added to these diluted samples,
and after a 10 min incubation at 20°C in the
dark, the reaction was stopped with 5 ul of 2.8N
NaOH. The amount of 1-(H)-naphthotriazole
formed was measured fluorometrically at exci-
tation and emission wavelengths of 365 nm and
450 nm, respectively. Samples of fresh culture
medium were used as blanks to correct for
background NO; and NOj3 concentrations in
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the medium (~7 uM). NO; concentrations were
calculated from a standard curve using NaNOs.

mRNA Isolation and Northern Blot (NB)
Detection of NOS-2-Specific mRNA

Astrocytes were lyzed with SV RNA lysis
buffer reagent (Promega, Milan, Italy), and
their total RNA was isolated according to the
manufacturer’s instructions for the SV Total
RNA Isolation System (Promega). RNA con-
centration was measured with an Uvikon 922
spectrophotometer equipped with a 5-carat
microcell. For NB analysis, samples of total
RNA (20 pg/lane) were mixed with ethidium
bromide (1-2 pg) and loaded onto a 1.2% dena-
turing agarose gel containing formaldehyde.
After separation by electrophoresis, RNA was
transferred to a Hybond-N* nylon membrane
(Amersham Biosciences, Piscataway, NdJ), and
UV cross-linked for hybridization at 33°C with
double-FITC-labeled probe (HybriProbes; Biog-
nostik GmbH, Gé6ttingen, Germany) specific for
the NOS-2 isoform mRNA.

The sequence of this HybriProbe™ for NOS-2
was:

5-CCTGGCCAGATGTTCCTCTATTTTTGC-
CTC-3'.

The hybridization reaction was performed
with the HybriBuffer N hybridization solution
(Biognostik) according to the manufacturer’s
instructions. After hybridization, each filter
was washed three times in 2x SSC (1x SSC:
150 mM NaCl, 15 mM Nags-citrate - 2H,O, pH 7.0
with 1M HCI), 0.1% SDS for 30 min at 20°C,
and once in 0.1x SSC, 0.1% SDS solution for
15 min at 40°C. The contents of the hybridiz-
ed membranes were then analyzed using the
Southern Star™ (Tropix, Applied Biosystems,
Framingham, MA) chemiluminescent detection
system based upon an anti-FITC alkaline phos-
phatase conjugate antibody and the CDP-STAR
substrate (Tropix, Applied Biosystems) follow-
ing the manufacturer’s instructions. The devel-
oped membranes were photographed with an
Olympus 3300™ digital camera. The mem-
branes were next stripped by boiling in 0.1 x
SSC, 0.1% SDS for 20 min and hybridiza-
tion repeated using a probe for actin’s mRNA
(Biognostik) as an internal control for the
amount of total RNA loaded onto each lane.

Western Immunoblotting (WB)

Seventy-two hours after starting the experi-
ments, control and treated astrocytes were

scraped into cold PBS and sedimented at 200g
for 10 min. The sedimented cells were homo-
genized in T-PER™ tissue protein extraction
reagent (Pierce Chemical Co., Rockford, IL)
containing a complete EDTA-free protease inhi-
bitor cocktail (Roche Diagnostics S.p.A., Monza,
Italy). The protein contents were assayed with
an ad hoc commerecial kit (Pierce Chemical Co.).
Equal amounts (25-30 pg) of protein from
the samples were boiled in buffer (0.0625M
Tris-HCL, pH 6.8; 2%""¥ SDS; 5.0%"" B-merc-
aptoethanol; 10%"" glycerol; and 0.002%""
bromphenol blue), electrophoresed in 10%""
SDS-polyacrylamide gel, and blotted onto nitro-
cellulose membranes (0.45 um; Pall Life Sci-
ences, Ann Arbor, MI).

To immunodetect NOS-2, the blots were
probed with specific rabbit IgG polyclonal anti-
bodies or mouse monoclonal antibodies at a final
dilution of 1 pg/ml (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). CASR was immunode-
tected using a mouse monoclonal anti-CASR
antibody provided by one of the authors (EFN).
The blots were next incubated with alkaline
phosphatase-conjugated anti-goat or anti-rab-
bit IgGs (Santa Cruz) and stained with BCTP/
NBT liquid substrate reagent (Sigma) and
photographed.

Immunofluorescence (IF)

Immunostaining of astrocytes that had been
seeded into 24-well plates for primary tissue
cultures (Becton Dickinson & Co., Franklin
Lakes, NY) was carried out at 4°C. The cells
(2.0x10%chamber) were washed twice with
PBS (phosphate-buffered saline) containing
BSA (1.0 %™") and NaN3 (0.1%""), and incubat-
ed for 60 min at room temperature with primary
antibodies (at 1.0 pg/ml) against NOS-2 or
active (i.e., phosphorylated) ERK1/ERK2 (all
from Santa Cruz). The cells were washed three
times with PBS-BSA solution, and then incu-
bated for 60 min at room temperature with spe-
cific secondary antibodies conjugated to Alexa
Fluor 555 (Molecular Probes, Inc., Canada).
After a final wash with PBS-BSA solution,
specimens were examined with an inverted
IM35 Zeiss microscope and photographed with
an Olympus 3300™ digital camera. Appro-
priate controls were always run in parallel
without primary or secondary antibody. Decon-
volved fluorescence images were obtained by
using Huygens Essential Software for Windows
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Fig. 1. NOS-2 mRNA was detected in the cytokine triad-treated
astrocytes, but not in untreated cells, at 48 h after adding the
cytokines. Actin mRNA served as an internal control for the
amount of RNA loaded onto the filter. NB, Northern blotting;
NOS-2, nitric oxide synthase-2; Co, untreated control cells; CM,
cytokine mixture (IL-1B [20 ng/ml], TNF-o. [20 ng/ml], and IFN-y
[70 ng/ml]).

(Scientific Volume Imaging b.v., Hilversun, The
Netherlands).

Statistical Analysis

Aone-way analysis of variance (ANOVA) with
post hoc Bonferroni test to compare mean
values was applied to the data and P <0.05
was considered to be significant.

RESULTS

Ca** Requirements for NOS-2 Expression
and NO Production in Proliferatively
Quiescent Astrocytes

When the normal adult human astrocyte
cultures reached a critical density, the cells

NOS-2

CcM
B
CM+
NPS NPS
0/24h Oh
D
CM+
NPS
24h
E
IF72 h

Fig. 2. Theinduction of NOS-2 protein by an initial exposure to
the cytokine triad (CM) (B) cannot be prevented by exposing the
astrocytes for 30 min either twice (i.e., —0.5 to 0 h and 24 to
24.5 h) or once at either time point to the calcilytic agent NPS
89636 that blocks the calcium-sensing receptor (CASR) (C—E).
Adult human astrocytes were treated as described in the
Materials and Methods. Seventy-two hours later the cells were
processed for immunocytochemistry with anti-NOS-2 antibody

and a secondary antibody labeled with Alexa Fluor 555. Pictures
were taken by fluorescence microscopy. Control (Co) cells
(A) had only a feeble autofluorescence. The deconvolved
fluorescent images shown here are typical of at least three
distinct experiments and were obtained as indicated in the
Materials and Methods. Original magnification: 200x. IF,
immunofluorescence; NPS, calcilytic agent NPS 89636.
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stopped proliferating and were not expressing
their NOS-2 genes, making the enzyme or
dumping NO into the medium (Figs. 1, 2A, and
3). If these proliferatively quiescent cultures in
10% FBS-90% Ham’s F12/MCDB medium con-
taining 1.8 mM Ca®" were not split, but instead
were exposed to the IL-1B+ TNF-o+ IFN-y
cytokine triad, their cells did not resume pro-
liferating, but by 48 h they had switched on their
NOS-2 genes (Fig. 1), accumulated the enzyme
(Fig. 2B), and sharply began dumping NO into
the medium between 48 and 72 h (Fiig. 3). On the
other hand, when the Ca®" concentration in the
medium of the quiescent cultures was lowered
from 1.8 to 0.75 mM, the cytokine triad could
not induce the cells to express NOS-2 (Fig. 4A)
or make NO for at least the next 6 days (Fig. 4B
and not shown).

Roles of the Ca*"-Sensing Receptor (CASR)
in NOS-2 Expression and Activation

When the astrocyte cultures became prolif-
eratively quiescent in the 1.8 mM Ca®"-contain-
ing medium, they increased their CASR content
about 1.6-fold (P =0.002) without any additi-
onal stimulation (Fig. 5). This upsurge of CASR
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Fig. 3. The release of NO into the growth medium elicited by
the cytokine mixture (CM) in adult human astrocyte cultures was
prevented by either two brief exposures to, and washouts of NPS
89636 at —0.5to 0 hand 24 to 24.5 h (CM + NPS 0/24 h) or by a
single exposure at 24 to 24.5 h (CM+ NPS 24 h), but was not
affected by a single treatmentat —0.5to 0 h (CM 4+ NPS O h). The
concentrations of nitrate and nitrite derivatives of NO in the
medium samples were measured to give the NO concentrations
as described in Materials and Methods. The points are mean +
SEM of the values from at least three separate experiments
(*, P<0.001 for both CM- and CM + NPS 0 h-treated cells). Co,
untreated control cells; NO, nitric oxide; NPS, calcilytic agent
NPS 89636.
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Fig. 4. In proliferatively quiescent adult human astrocytes,
an exposure to the CM led to the expression of NOS-2 protein
(A) and to a significant release of NO into the medium (B) when
the cells were in high-calcium (i.e., 1.8 mM) but not in low-
calcium (i.e., 0.75 mM) medium. Bars are mean 4 SEM of the
values from at least three separate experiments; *, P< 0.001 versus
all the other treatment; NS, not significant versus both high- and
low-Ca*" untreated cells. WB, Western immunoblotting.

expression by unstimulated quiescent astro-
cytes was not affected by the Ca®* concentration
in the medium. Thus, CASR expression by pro-
liferating astrocytes was the same whether they
were in medium containing 0.75 or 1.8 mM Ca?*
(Fig. 5A,C). And the higher CASR expression by
the quiescent cells was also not significantly
different in the presence of either Ca®* concen-
tration (Fig. 5B,C).

While 1.8 mM Ca®" was needed, together with
the cytokines, in the culture medium to express
NOS-2 and make NO (Fig. 4A,B), was the CASR
needed to express the enzyme or activate it or
both? Of particular interest was the critical
stage around 24 h after adding the cytokines,
which involves MEK1/MEK2 activity and is
needed for the BH4-dependent activation of the
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Fig. 5. Theactual levels of expression of the CASR depend upon
the proliferating (A) or quiescent (B) condition of the untreated
human adult astrocytes, but they are independent from the
calcium concentration in the medium. CASR was revealed in the
blots using a specific mouse monoclonal antibody. The blots
shown are representative of the blots in three experiments.
Densitometric analysis (C) of CASR-specific bands (125 kDa) was
carried out as detailed in the Materials and Methods. Bars are
mean = SEM of the values from three separate experiments.

emerging NOS-2 proteins [Chiarini et al., 2005].
We attempted to answer this question using the
CASR-inhibitor, the calcilytic agent NPS 89636
[Dvorak et al., 2004].

As was the case with the selective MEK1/
MEK2-inhibiting U0126 [Chiarini et al., 2005],
adding 100 nM NPS 89636 to the medium for
just 30 min immediately before adding the cyto-
kine triad (i.e., between —0.5 and 0 h) and again
between 24 and 24.5 h did not prevent the cells
from making NOS-2 (Fig. 2C), but it prevented
the emerging NOS-2 from making NO (Fig. 3).
Exposing the cells to NPS 89636 only once for
30 min before adding the cytokines did not stop
NOS-2 expression (Fig. 2D) or NO production

(Fig. 3). But exposing the cytokine-stimulated
cells to the same concentration of the inhibitor
only once between 24 and 24.5 h after adding the
cytokine triad also did not affect the expression
of NOS-2 (Fig. 2E), but it prevented the emerg-
ing enzyme from making NO (Fig. 3), as did a
similarly brief exposure to the selective MEK1/
MEK2 inhibitor U0126 in our previous experi-
ments [Chiarini et al., 2005].

In keeping with our previous findings, the
exposure to the cytokine triad strongly acti-
vated ERK1/ERK2 (Fig. 6A,B), but exposing the
cytokine-treated astrocytes to 100 nM NPS
89636 between 24 and 24.5 h after adding the
cytokine triad prevented ERK1/ERK2 activa-
tion (Fig. 6D,E) just as would have happened
with a short exposure to U0126 [Chiarini et al.,
2005].

NOS-2 activation requires BH4 [e.g., Chan-
non, 2004] and, as we showed in our previous
study, these cytokine-treated quiescent astro-
cytes begin rapidly accumulating it between 24
and 36 h and dumping it into the medium along
with NO [Chiarini et al., 2005]. And indeed NPS
89636, like the U0126 MEK1/MEK2 inhibitor
in our previous study [Chiarini et al., 2005],
must have blocked NO production by prevent-
ing BH, action, because adding 100 uM BH, to
the medium along with the cytokines prevented
exposure to NPS 89636 between 24 and 24.5 h
from stopping NO production (Fig. 7) just as it
prevented the equally brief exposure to U0126
from stopping NO production [Chiarini et al.,
2005].

DISCUSSION

The present experiments have shown that
when stimulated by a triad of proinflammatory
cytokines (IL-1B+ TNF-o+ IFN-y) phenotypi-
cally normal adult human cerebral astrocytes
switch on their NOS-2 genes and start making
NOS-2 and large amounts of NO, which, if they
had been in the brain, could have killed neu-
rons in the non-overlapping microdomains
they envelop and control [Beach et al., 1989;
Norenberg, 1994; Dawson and Dawson, 1996;
McAndrew et al.,, 1997; Grzybicki et al.,
1998; Rah et al., 2001; Estévez and Jordan,
2002; Khaldi et al., 2002; Leong et al., 2002; Liu
et al., 2002; Hirsch et al., 2003; Nedergaard
et al., 2003; Dokmeci, 2004; Saez et al., 2004;
Schultz and Falkenburger, 2004; Zhao, 2005].
It follows that finding ways to block this
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Fig. 6. The functional activation via phosphorylation of ERKs
(p-ERK1/ERK2) following the addition of the CM was prevented
by exposing adult human astrocytes for 30 min either twice
(i.e., —0.5to 0 h and 24 to 24.5 h) or once at either time points to
the calcilytic agent NPS 89636 that blocks the CASR. The
inhibition of ERK activation by NPS 89636 is strikingly illustrated
by comparing the active p-ERKs-loaded cytoplasms of the CM-

NOS-2/NO response of astrocytes to proin-
flammatory cytokines could minimize stroke/
reperfusion and traumatic injury, glaucoma-
tous neuropathy, and the progression of dis-
eases such as Alzheimer’s disease [Wada et al.,
1998; Alessandrini et al., 1999; Akiyama et al.,
2000a,b; Piao et al., 2003; Neufeld and Liu,
2003b].

The cytokines-stimulated proliferatively
quiescent astrocytes’ need for 1.8 mM Ca®" in
their 10% FBS-90% Ham’s F12/MCDB medium
to express and make functional NOS-2 might
seem unexpected in view of the fact that the
enzyme is itself insensitive to Ca®" increases
because of its tightly bound calmodulin [Lincoln
et al., 1997; Baltrons and Garcia, 2001]. How-
ever, Li et al. [2003] have also reported that
an agent such as ATP that triggers a cytosolic
Ca”?" surge in murine astrocytes also induces
NO synthesis. The responsiveness of NOS-2 in-

C D

CM+
NPS
0/24h

treated cells in panels B and C with the cytoplasms nearly devoid
of p-ERK of the NPS 89636/CM-treated cells in panels D and Eand
of the untreated control cells (Co) (panel A). The deconvolved
fluorescentimages shown here are typical of at least three distinct
experiments and were obtained as indicated in the Materials and
Methods. Original magnifications: 200x.

duction and NO production by our normal
human astrocytes to changes in the medium’s
Ca®" concentration from 0.75 to 1.8 mM is
characteristic of processes driven by a cation
sensor like the one used by parathyroid chief
cells with its 1.0-1.3 mM set-point for max-
imizing the signal:noise ratio to detect changes
in the high ionic Ca®" concentration in the blood
[Mithal and Brown, 2003]. And indeed the
higher extracellular Ca®" concentration needed
by the confluent adult cells to express NOS-2
coincided with an increased expression of a
parathyroid-like CASR like that found in nor-
mal fetal human astrocytes by Chattopadhyay
et al. [2000] and Chattopadhyay and Brown
[2003].

The three cytokines probably started the
processes leading to the production of NO by
the quiescent adult astrocytes with a multi-
pronged attack on the NOS-2 gene’s four up-
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Fig. 7. Adding BH, (to afinal concentration of 100 pM) enabled
the NOS-2 protein accumulating in the astrocytes treated with
the CM and a 30 min exposure to NPS 89636 (at 24-24.5 h)
(CM +NPS 24 h 4 BH, bar) to release nearly as much NO in their
medium by 5 days as did the cells treated with the CM alone
(CM bar). The concentrations of nitrate and nitrite derivatives of
NO in the medium samples were measured to give the NO
concentrations as described in Materials and Methods. The bars
are the mean & SEM of the values from three separate experi-
ments. The level of significance with respect to untreated controls
(Co bar) was: *, P< 0.001. BH,, tetrahydrobiopterin.

stream NF-kB enhancer elements and its STAT-
dimer-binding GAS (y-interferon-activated site)
element with: (1) an IL-1p Ca®" surge; (2) a burst
of p38 MAP kinase activity; (3) an IL-13/TNF-o-
triggered liberation of NF-«kB from its I-xB
inhibitor; and (4) phospho-STAT1a (p-STAT1w)
dimers produced by the IFN-y receptor-stimu-
lated JAK-STAT mechanism [Holliday and
Gruol, 1993; Pita et al., 1999; Ganster et al.,
2001; Aaronson and Horvath, 2002; Neufeld
and Liu, 2003a,b; Chiarini et al., 2005]. But
CASR signaling is unlikely to be involved in this
first phase because of the inability of the CASR-
blocking NPS 89636 to prevent the cells from
making NOS-2 and NO, when added for 30 min
just before the cytokines as well as the inability
of the inhibitor to affect the appearance of the
NOS-2 protein, when it was added both for
30 min before and again between 24 and
24.5 h after adding the cytokines. However,
CASR signaling is needed to activate the NOS-2
because exposing the cells to NPS 89636 for just
30 min between 24 and 24.5 h prevented NO
production without affecting NOS-2 protein
expression. This is the time when a process that
operates to drive the BH,-dependent activation
of emerging NOS-2 proteins can be stopped by
the equally brief exposure to the selective
MEK1/MEK2 inhibitor U0126 [Chiarini et al.,
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NF-«B, p-STAT1x
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Fig. 8. The NOS-2 expression and activation mechanisms
stimulated in normal human cerebral astrocytes by a triad of
proinflammatory cytokines commonly found in Alzheimer
plaques and other kinds of brain damage and degeneration.
The expression of the NOS-2 gene is Ca?"-dependent and
requires a burst of p38 MAPK activity. On the other hand, the
BH4-mediated activation of the accumulating NOS-2 protein
requires U0126-inhibitable MEK/ERK activity and NPS 89636-
inhibitable CASR signaling. NF-kB, and p-STAT1a are the trans-
cription stimulators activated by IL-1B and TNF-a, and p-STAT 1
is the homodimeric transcription stimulator activated by IFN-y.

2005] (Fig. 8). And it now appears that thisis the
same mechanism that requires signals from the
CASR because NPS 89636 can mimic U0126 by
preventing ERK activation, and this inhibition
by NPS 89636 can be completely overridden by
adding BH, to the medium (Fig. 8). Clearly, we
must now focus our efforts on finding out how
CASR signals and MEK-ERK kinases control
the production of BH, by GTP-glycohydrolase-1
in human astrocytes activated by proinflamma-
tory cytokines.
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