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Inflammatory-activated glia are seen in numerous central
nervous system (CNS) pathologies and can kill nearby
neurons through the release of cytotoxic mediators. Glia,
when activated, can express the inducible isoform of
nitric oxide synthase (iNOS) producing high levels of
nitric oxide (NO), which can kill neurons in certain con-
ditions. We show, however, that inflammatory activation
of glia in a mature culture of cerebellar granule neurons
and glia causes little or no neuronal death under normal
(21%) oxygen conditions. Similarly, hypoxia (2% oxygen)
or low levels of an NO donor (100 �M DETA/NO) caused
little or no neuronal death in nonactivated cultures. If
inflammatory activation of glia or addition of NO donor
was combined with hypoxia, however, extensive neuro-
nal death occurred. Death in both cases was prevented
by the N-methyl-D-aspartate (NMDA) receptor blocker
MK-801, implying that death was mediated by the gluta-
mate receptor. Low levels of NO were found to increase
the apparent KM of cellular oxygen consumption for ox-
ygen, probably due to NO-induced inhibition of mito-
chondrial respiration, in competition with oxygen, at cy-
tochrome oxidase. Necrotic death, induced by hypoxia
plus DETA/NO, was increased further by deoxyglucose,
an inhibitor of glycolysis, suggesting that necrosis was
mediated by energy depletion. Hypoxia was found to be
a potent stimulator of microglia proliferation, but this
proliferation was not significant in inflammatory-
activated cultures. These results suggest that low levels
of NO can induce neuronal death under hypoxic condi-
tions, mediated by glutamate after NO inhibition of res-
piration in competition with oxygen. Brain inflammation
can thus sensitize to hypoxia-induced death, which may
be important in pathologies such as stroke, neurodegen-
eration, and brain aging. © 2004 Wiley-Liss, Inc.
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Activated glia (astrocytes and microglia) are seen in a
range of central nervous system (CNS) pathologies, in-
cluding brain infections, neurodegenerative diseases, in-
flammation, ischemia, and normal aging (Eddleston and
Mucke, 1993; Kreutzberg, 1996). Activated glia can re-

lease cytotoxic mediators that kill invading pathogens, but
these mediators may also kill nearby neurons (Marty et al.,
1991; Boje and Arora, 1992). Glial activation involves
changes in cell phenotype and the expression of new
proteins, such as the inducible isoform of nitric oxide
synthase (iNOS). The mechanism by which activated glia
induce neuronal death has been shown to involve nitric
oxide (NO) (Chao et al., 1996; Bolaños et al., 1997; Loihl
and Murphy, 1998; Bal-Price and Brown, 2001) and glu-
tamate (Bal-Price and Brown, 2001; Barger and Basile,
2001), as well as reactive oxygen species (ROS) and proin-
flammatory cytokines (Beckman et al., 1994; Chao et al.,
1995a,b). Glial activation and iNOS expression alone do
not always lead to neuronal death (Demerle-Pallardy et al.,
1993; Hewett et al., 1994), however, suggesting that par-
ticular conditions are required for NO-induced neuronal
death.

The brain is extremely sensitive to changes in oxy-
gen and glucose supply. Low oxygen or glucose levels can
lead to decreased ATP synthesis, resulting in depletion of
cellular ATP and subsequent neuronal death (Pulsinelli
and Duffy, 1983; Yager et al., 1992). Such death is me-
diated largely by N-methyl-D-aspartate (NMDA)-type
glutamate receptors, which become activated by ischemia-
induced glutamate release or ischemia-induced neuronal
depolarization (Simon et al., 1984; Pohorecki et al., 1990).
Hypoxia/anoxia initiates neuronal death by removal of the
substrate oxygen from cytochrome oxidase. Cytochrome
oxidase, however, normally has a KM for oxygen below
1 �M, making it insensitive to all but the most extreme
levels of hypoxia. NO is a potent reversible inhibitor of
cytochrome oxidase in competition with oxygen, result-
ing in a marked increase in the apparent KM for oxygen
(Brown and Cooper, 1994; Cleeter et al., 1994; Brown
and Borutaite, 2002; Moncada and Erusalimsky, 2002).
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High NO levels result in neuronal death by effectively the
same mechanism as anoxia, i.e., blockage of cytochrome
oxidase (Bal-Price and Brown, 2001). Because of the
competition between NO and oxygen at cytochrome
oxidase, the possibility arises that low levels of NO syn-
ergize with low levels of hypoxia to induce death via
cytochrome oxidase inhibition.

Such synergy might be important in a variety of
pathologies where iNOS is expressed. For example, after
ischemia, glia become activated and express iNOS (Endoh
et al., 1994; Iadecola et al., 1995; Kawase et al., 1996). NO
from iNOS is thought to mediate postischemic neuronal
damage, as inhibitors of iNOS reduce the infarction vol-
ume (Iadecola et al., 1995; Zhang et al., 1996) and iNOS
knockout mice are strongly protected against such damage
(Zhao et al., 2003). Activated glia expressing iNOS are
found in Alzheimer’s disease (AD) patients (Hu et al.,
1998), and neuronal death in AD is now thought to be at
least partly ischemic (Jendroska et al., 1995; Kim et al.,
1998). Vascular dementias, which may have some overlap
with AD, result from atherosclerosis, which is inflamma-
tory in origin and causes brain ischemia (Desmond, 1996).
Normal aging is accompanied by low-level glial activation
and iNOS expression (Vernet et al., 1998; Kyrkanides et
al., 2001), which might sensitize to hypoxia. Systemic
infection, inflammation, or prior strokes are known to be
strong risk factors for subsequent strokes (Syrjanen, 1993;
Macko et al., 1996), suggesting the possibility that inflam-
mation sensitizes to ischemia. Brain infection or trauma
can also cause iNOS expression, which may be accompa-
nied by ischemia (Clark et al., 1996; Sharshar et al., 2003).
For these reasons, it is important to determine whether
NO and hypoxia are synergistic in inducing neuronal
death.

MATERIALS AND METHODS

Materials

The following materials were purchased from the indi-
cated sources: DETA/NO, and 1400W dihydrochloride from
Alexis and MK-801 maleate from Calbiochem. All other re-
agents were ordered from Sigma.

Neuronal–Glial Culture

Cerebellar granule cell (CGC) cultures were prepared
from 7-day-old Wistar rats as described previously (Bal-Price
and Brown, 2001). Briefly, the pups were anesthetized, using 5%
halothane in oxygen, followed by decapitation. Brains were
removed under sterile conditions and the cerebellum dissected.
Meninges were removed and the cerebella dissociated in
Versene solution (1:5,000; Gibco BRL) and plated at 0.25 �
106 cells/cm2 in 24-well plates (in 500 �l Dulbecco’s minimum
Eagle medium [DMEM; Gibco BRL]) coated with 0.001%
poly-L-lysine. Cultures were maintained in DMEM supple-
mented with 5% horse serum, 5% fetal calf serum, 38 mM
glucose, 5 mM HEPES, 2 mM glutamine, 25 mM KCl, and
10 �g/ml gentamicin. Cells were kept at 37°C in a humidified
atmosphere of 5% CO2/95% air and used for experiments at
16–18 days in vitro (DIV). CGC cultures contained 22 � 4%

astrocytes and 2 � 1% microglia as assessed by immunocyto-
chemistry using antibodies against glial fibrillary acidic protein
(GFAP; a marker for astrocytes) and OX-42 (a marker for
microglia). All experiments were undertaken in accordance with
the UK Animals (Scientific Procedures) Act 1986.

Treatments of Culture

Lipopolysaccharide (LPS), a cell wall component of
Gram-negative bacteria and interferon-� (IFN-�), a proinflam-
matory cytokine, are potent activators of glia when administered
together. Neuronal–glial cultures were treated with 100 ng/ml
LPS (from Salmonella typhimurium) and 10 ng/ml IFN-� for
approximately 20 hr before starting hypoxic or normoxic incu-
bations. iNOS expression in the culture was assessed by
NADPH diaphorase staining (data not shown) and measure-
ments of nitrite in the medium. Nitrite levels in the medium
were measured using the Griess reaction. Briefly, after treat-
ments, aliquots of medium were centrifuged (0.1 � g) for 5 min,
6 mM HCl was then added to the supernatant, and then 1 mM
sulfanilamide and 1 mM N-1 (1-naphthyl)ethylenediamine
(NEDA) were also added. Absorbance at a wavelength of
548 nm was measured by a plate reader (BMG; Fluostar Optima)
before and after the addition of NEDA. Nitrite concentrations
in samples were calculated from a standard curve of sodium
nitrite in DMEM. Where present, inhibitors were added at the
same time as LPS/IFN-�.

We used 2-deoxyglucose (DOG) to inhibit glycolysis in
some experiments. DOG is taken up by glucose carriers and
phosphorylated by hexokinase to 2-deoxyglucose-6-phosphate,
which is not used by phosphoglucose isomerase and increases in
concentration to inhibit hexokinase, thus blocking glycolysis
(Woodward and Hudson, 1954). The glucose concentration in
the culture medium at the start of experiments (16–18 DIV) was
29 � 3 mM, whereas the DOG concentration (when present)
was 10 mM. Others have shown that similar ratios of DOG to
glucose are sufficient to inhibit glycolysis in neurons and other
cells (Woodward and Hudson, 1954; Yang et al., 1999; Munoz-
Pinedo et al., 2003).

Assessment of Cell Viability

CGC viability was assessed by propidium iodide (PI;
2 �g/ml) and Hoechst 33342 (6 �g/ml) staining, using a fluo-
rescence microscope (Axiovert S-100) and filters for excitation
at 365 nm and emission at 420 nm. The cell-impermeable
nuclear dye PI stains the nuclei of cells that have lost plasma
membrane integrity and are considered necrotic. Using the
cell-permeable DNA dye Hoechst 33342, the nuclear morphol-
ogy of the CGCs was studied. Cells with noncondensed
Hoechst staining but lacking PI staining were considered to be
viable, whereas cells showing irregular Hoechst staining, nuclear
shrinkage, chromatin condensation, and/or nuclear fragmenta-
tion but were PI negative were classified as showing chromatin
condensation (CC). Individual cells exhibiting both CC and PI
staining were included in the PI data. Cells were counted in
three microscopic fields in each well (three wells per treatment)
and expressed as a percentage of the total number of neurons.
Each treatment was repeated at least three times.
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Hypoxia Treatments

Hypoxic conditions were achieved by incubating cultures
in humidified sealed containers perfused with a gas mixture
consisting of 2% oxygen, 5% carbon dioxide, and 93% nitrogen
at 37°C. Cultures were incubated under these conditions for
12 hr. For ambient oxygen conditions (normoxia), cultures were
placed in similar containers but perfused with a gas mixture
consisting of 21% oxygen, 5% carbon dioxide, and 74% nitro-
gen. Both gas mixes were obtained from BOC gases (Surrey,
UK).

Oxygen Consumption Measurements

Oxygen consumption of cells was measured using Clark-
type oxygen electrode (Rank Brothers, Bottisham). Cultures
were plated in 25 cm2 flasks (�8.3 � 106 cells) and used at 16
DIV. Cells were scraped gently and resuspended in 1 ml of
HEPES-buffered saline supplemented with 38 mM glucose,
2 mM glutamine, 25 mM KCl, and 1 mM L-arginine. Cultures
were either untreated or activated with 100 ng/ml LPS and
10 ng/ml IFN-� for 20 hr. The apparent KM (K1/2) was calcu-
lated by measuring the O2 concentration at which the rate of O2
consumption was half the maximal (initial) rate.

Assessment of Microglia Proliferation

Microglia cells were identified using isolectin IB4 (from
Griffonia simplicifolia), which has strong affinity for microglia but
not astrocytes. An Alexa Fluor 488 conjugate of isolectin IB4
(10 ng/ml) was added to cultures (after hypoxic or normoxic
incubations) and incubated for 15 min at 37°C. Stained cells
(microglia) were visualized and counted by viewing under
a fluorescence microscope (excitation, 488 nm; emission,
530 nm).

Statistical Analysis

Data are expressed as mean � SEM. Significance was
determined using analysis of variance (ANOVA).

RESULTS
Hypoxia Is Synergistic With NO in Inducing
Neuronal Death

Cocultures of cerebellar granule neurons and glia were
exposed for 12 hr to hypoxia (2% O2), an NO donor (100
�M DETA/NO), or both. Immediately after this period,
cultures were stained with PI and Hoechst 33342 to assess the
number of necrotic (PI) neurons or neurons with condensed/

fragmented chromatin (CC), a measure of “apoptosis.” Hyp-
oxia alone caused very little neuronal death, (PI, 2%; CC,
1%) (Fig. 1a,b). DETA/NO (100 �M) did not induce neu-
ronal death in normoxic (21% O2) conditions (PI, 2%; CC,
1%), but under hypoxic conditions high levels of neuronal
death were seen (PI, 26%; CC, 71%). These changes were
prevented by the NMDA receptor blocker MK-801 (added
30 min before hypoxia/DETA/NO), which reduced death
(to PI, 3%; CC, 3%), implicating glutamate or the NMDA
receptor as a mediator of death. In some experiments, gly-
colysis was inhibited by the addition of 10 mM DOG, which
induced little death alone under normoxic conditions (PI,
2%; CC, 6%) but synergized with either hypoxia (PI, 26%;
CC, 45%) or NO (PI, 11%; CC, 14%) or hypoxia and NO
together (PI, 81%; CC, 19%) to induce neuronal necrosis.
Although addition of DOG to the NO plus hypoxia-treated
cultures reduced the number of chromatin-condensed, PI-
negative (i.e., apoptotic) neurons (Fig 1b), it did so not by
reducing the total number of chromatin-condensed neurons,
but rather by converting chromatin-condensed, PI-negative
(PI�) neurons to chromatin-condensed PI-positive (PI�)
neurons (see Fig 1c; hypoxia plus DETA/NO: PI�/CC�
3%, PI�/CC� 4%, PI�/CC� 71%, PI�/CC� 22%; hyp-
oxia plus DETA/NO and deoxyglucose: PI�/CC� 0%,
PI�/CC� 9%, PI�/CC� 19%, PI�/CC� 72%). No
astrocytes or microglia showed any signs of chromatin con-
densation or necrosis in any of the conditions used (Fig 1c),
indicating that cell death in NO and hypoxic conditions was
specific to neurons.

NO From Inflammatory Activated Glia Sensitizes
Neurons to Hypoxia-Induced Death

LPS and IFN-� induce iNOS expression in both
astrocytes and microglia. Glial activation and iNOS ex-
pression after LPS/IFN-� treatment was confirmed by
measuring nitrite levels in the medium. Nitrite levels in
nonactivated cultures were not different between hypoxic
(2.7 � 3.0 �M) and normoxic incubations (3.0 � 2.3
�M). After LPS/IFN-� treatment, nitrite levels were sig-
nificantly higher, but not different between hypoxic
(11.2 � 4.3 �M) and normoxic treatments (12.1 � 2.8
�M). Addition of an iNOS inhibitor decreased the nitrite
levels in the activated cultures to control levels (3.1 �
0.3 �M in normoxia, 1.6 � 1.1 �M in hypoxic condi-
tions). Additionally, glia were stained intensely for

‹

Fig. 1. (Continued.) Neuronal death induced by 100 �M
DETA/NO under normoxic (gray) or hypoxic (black) conditions.
Cultures were stained with the cell-impermeable dye propidium
iodide (PI) to count necrotic cells (a) and the cell-permeable dye
Hoechst 33342 to count neuronal nuclei showing chromatin con-
densation or fragmentation as a marker of apoptosis (b). Neuronal
death was prevented by 10 �M MK-801, an NMDA receptor
antagonist. Deoxyglucose (DOG, 10 mM; an inhibitor of glycolysis)
increased the number of neurons dying by necrosis. c: Neuronal
chromatin was PI negative and not condensed after hypoxia alone
(i), but there was nuclear shrinkage and chromatin condensation
after hypoxia with 100 �M DETA/NO (ii) or hypoxia with 10 mM

DOG (iii). The combination of DOG and DETA/NO together
under hypoxic conditions resulted in extensive necrosis indicated by
PI staining of neurons, in addition to nuclear shrinkage and chro-
matin condensation (iv). Note the large, elongated nuclei, visible
particularly in (ii) and (iv), belonging to astrocytes, which are
unaffected by the treatments used. Magnification 40�. Statistical
differences were determined using ANOVA at *P � 0.05, **P �
0.01 and ***P � 0.001. All significant differences are in comparison
to either normoxic control or hypoxic control. The symbol #
replaces * for significance when comparing protection against 100
�M DETA/NO. Error bars indicate SEM; n 	 3 or more.

‹

Fig. 1. (Continued.) Neuronal death induced by 100 �M
DETA/NO under normoxic (gray) or hypoxic (black) conditions.
Cultures were stained with the cell-impermeable dye propidium
iodide (PI) to count necrotic cells (a) and the cell-permeable dye
Hoechst 33342 to count neuronal nuclei showing chromatin con-
densation or fragmentation as a marker of apoptosis (b). Neuronal
death was prevented by 10 �M MK-801, an NMDA receptor
antagonist. Deoxyglucose (DOG, 10 mM; an inhibitor of glycolysis)
increased the number of neurons dying by necrosis. c: Neuronal
chromatin was PI negative and not condensed after hypoxia alone
(i), but there was nuclear shrinkage and chromatin condensation
after hypoxia with 100 �M DETA/NO (ii) or hypoxia with 10 mM

DOG (iii). The combination of DOG and DETA/NO together
under hypoxic conditions resulted in extensive necrosis indicated by
PI staining of neurons, in addition to nuclear shrinkage and chro-
matin condensation (iv). Note the large, elongated nuclei, visible
particularly in (ii) and (iv), belonging to astrocytes, which are
unaffected by the treatments used. Magnification 40�. Statistical
differences were determined using ANOVA at *P � 0.05, **P �
0.01 and ***P � 0.001. All significant differences are in comparison
to either normoxic control or hypoxic control. The symbol #
replaces * for significance when comparing protection against 100
�M DETA/NO. Error bars indicate SEM; n 	 3 or more.
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NADPH diaphorase activity after LPS/IFN-� activation
but not in nonactivated cultures (data not shown), con-
firming that glia had become activated and that they were
the source of increased nitrite found in the medium. The
NADPH diaphorase activity of neurons was low, and
unchanged by LPS/IFN-� activation (data not shown).

Glial activation by LPS/IFN-� caused little neuronal
death under normoxic conditions (PI, 4%; CC, 5%;
Fig. 2a,b). Under hypoxic conditions, however, glial ac-
tivation caused high levels of neuronal death (PI, 29%;
CC, 48%). This death was prevented by the NMDA
receptor antagonist MK-801 (PI, 6%; CC, 7%) or by the
iNOS inhibitor 1400W (PI, 4%; CC, 2%).

NO From iNOS Raises the Apparent KM for O2 of
Cellular Respiration

NO inhibits respiration in competition with O2,
raising the apparent KM of respiration for oxygen into the
physiologic range, potentially sensitizing cells to hypoxia.

Using an oxygen electrode, we found that low levels of
NO from 100 �M DETA/NO did indeed increase the
apparent KM (K1/2) for oxygen of the neuronal–glial
cultures, from 1.8 � 1.0 �M O2 in untreated control
cultures to 50.5 � 3.5 �M O2 in treated cultures. Simi-
larly, in LPS/IFN-� activated cultures, the K1/2 of respi-
ration for O2 was raised to 12.0 � 8.0 �M O2, inhibiting
NO synthesis with 25 �M 1400W prevented this increase
(K1/2 1.5 � 0.8 �M O2).

Hypoxia Induces Rapid Proliferation of Microglia
Microglia in mixed neuronal-glial cultures were

counted before and after normoxic or hypoxic incubations,
using the microglia-specific stain, isolectin IB4 (Fig. 3). Al-
most twice as many microglia were seen in cultures after
12 hr of hypoxia, but not normoxia. The number of micro-
glia in LPS/IFN-� activated cultures was assessed before and
after hypoxic and normoxic incubations. There was no sig-
nificant increase in microglia in activated cultures after hyp-

Fig. 2. Cultures activated with LPS and
IFN-� induced neuronal death under
hypoxic (black), but not normoxic
(gray) conditions. Death assessed with
propidium iodide (a) for necrotic neu-
rons and Hoechst 33342 (b) for chro-
matin condensation or fragmentation.
Neuronal death was prevented by an
inhibitor of iNOS (25 �M 1400W) and
a blocker of the NMDA receptor
(10 �M MK-801). Statistical differences
were established using ANOVA at *P �
0.05, **P � 0.01 and ***P � 0.001. All
significant differences are in comparison
to their corresponding normoxic or hy-
poxic control. The symbol # replaces *
for significance when assessing protec-
tion against LPS and IFN-� activated
cultures. Error bars indicate SEM; n 	 3
or more.

Fig. 2. Cultures activated with LPS and
IFN-� induced neuronal death under
hypoxic (black), but not normoxic
(gray) conditions. Death assessed with
propidium iodide (a) for necrotic neu-
rons and Hoechst 33342 (b) for chro-
matin condensation or fragmentation.
Neuronal death was prevented by an
inhibitor of iNOS (25 �M 1400W) and
a blocker of the NMDA receptor
(10 �M MK-801). Statistical differences
were established using ANOVA at *P �
0.05, **P � 0.01 and ***P � 0.001. All
significant differences are in comparison
to their corresponding normoxic or hy-
poxic control. The symbol # replaces *
for significance when assessing protec-
tion against LPS and IFN-� activated
cultures. Error bars indicate SEM; n 	 3
or more.

212 Mander et al.



oxia or normoxia either in the presence or absence of 1400W
(Fig. 3), ruling out the possibility that neuronal death in
activated cultures under hypoxic conditions was due to an
increase in the number of microglia.

DISCUSSION
Hypoxic conditions can arise in the brain during isch-

emia, strokes, trauma, or atherosclerosis (Bouma and Muize-
laar, 1992; Sweeney et al., 1995; Desmond, 1996). The brain
is exceptionally sensitive to reduced oxygen or glucose sup-
ply, resulting in neuronal death (Juurlink and Sweeney,
1997). Necrotic neurons are often at the core of the ischemic
infarction, with apoptotic neurons in the penumbra (Choi,
1996). Our in vitro data presented here shows that neuronal–
glial cultures are able to survive hypoxia (2% oxygen) for
12 hr, with little neuronal death (2% necrosis and 1% apo-
ptosis). An oxygen level of 2% is equivalent to about 20 �M
O2, which is well above the KM of respiration for oxygen in
the absence of NO (although oxygen consumption by the
cells may reduce the local level of oxygen (Mamchaoui and
Saumon, 2000). In the presence of NO, the apparent KM of
respiration for oxygen was increased (to 50 �M in the pres-
ence of 100 �M DETA/NO), so that cellular respiration was
inhibited severely at 20 �M O2 but not at 200 �M O2. The
amount of NO released from this concentration of
DETA/NO did not cause any neuronal death under normal
oxygen concentrations (21%) but induced 26% neuronal
necrosis and 71% neuronal apoptosis under hypoxic condi-
tions.

The presence of DOG, an inhibitor of glycolysis, fur-
ther increased hypoxia plus DETA/NO-induced neuronal

necrosis (necrosis increased from 26 to 81%), indicating that
glycolysis protects against NO/hypoxia-induced neuronal
necrosis, presumably by supplying an alternative source of
cellular ATP when mitochondrial ATP production is inhib-
ited by NO/hypoxia. In the absence of DOG, however, the
hypoxia/NO-treated neurons died largely by apoptosis (PI,
26%; CC, 71%), whereas in the presence of DOG they died
largely by necrosis (PI, 81%; CC, 19%). This apparent switch
from apoptosis to necrosis seems to have been due to in-
creased necrosis rather than decreased induction of apoptosis,
as the hypoxia/NO/DOG-treated neurons were both PI
positive and had condensed chromatin (Fig. 1c), i.e., they had
induced apoptosis but were also necrotic. This is consistent
with results by others (Lee et al., 2002) who found that NO
and hypoxia were synergistic in inducing apoptosis in fibro-
blasts, but DOG greatly increased the amount of necrosis.
The astrocytes in our cocultures were not killed by NO,
hypoxia, or NO/hypoxia presumably because, unlike neu-
rons, they have a high glycolytic capacity that is upregulated
by NO (Almeida et al., 2001, 2004).

Glia (astrocytes and microglia) become activated
postischemia, and may be protective, partly through the
removal of debris. During activation the inducible isoform
of nitric oxide synthase (iNOS) is expressed. The NO
generated is harmful to neurons, and inhibitors of iNOS
are able to significantly reduce the infarct volume (Iade-
cola et al., 1995; Zhang et al., 1996). Activation of the
mixed neuronal-glial culture with LPS/IFN-� caused little
neuronal death at normal oxygen concentrations (4% ne-
crosis and 5% apoptosis). Under hypoxic conditions,

Fig. 3. Hypoxia induces rapid proliferation of microglia. Microglia
were counted before (INITIAL) or after 12 hr of hypoxic or normoxic
incubations. A significant increase in the number of microglia was seen
after hypoxia in comparison to the normoxic control; however this
proliferation was not present in activated cultures (LPS/IFN-� treated).
The lack of microglia proliferation in activated cultures under hypoxic

conditions was not due to nitric oxide, as the addition of 1400W (an
iNOS inhibitor) did not restore microglia proliferation. Statistical dif-
ferences were established using ANOVA at **P � 0.01. All significant
differences are in comparison to the corresponding normoxic treat-
ment. Error bars indicate SEM; n 	 3 or more.
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inflammatory-activated glia induced death of the cocul-
tured neurons (29% necrosis and 48% apoptosis). Neuro-
nal death was prevented by 1400W (an iNOS inhibitor),
showing that it was due to NO from iNOS. The increase
in KM of respiration for oxygen in activated cultures
(12 �M) was also prevented by treatment with 1400W
(KM 	 1.5 �M). These results are similar to those seen
with DETA/NO under hypoxic conditions, suggesting
that it is the NO rather than other molecules or cytokines
produced by activated glia that sensitizes to hypoxia.

It has been suggested that physiologic concentrations
of NO are not able to significantly inhibit respiration in
neurons (Bellamy et al., 2002). Even if physiologic levels
of NO (produced by nNOS stimulation) are not able to
inhibit respiration, NO produced by iNOS (during in-
flammation) may reach the higher, pathologic concentra-
tions shown to inhibit respiration (120 nM NO, as mea-
sured by Bellamy et al., 2002) and lower concentrations of
NO would be sufficient to inhibit respiration under hy-
poxic conditions. Studies using an in vivo model of isch-
emia showed that cytochrome oxidase is not inhibited by
NO under physiologic conditions or during reoxygen-
ation (after a brief period of anoxia) (De Visscher et al.,
2002). iNOS is not likely to be expressed in these condi-
tions, however, and it would be interesting to repeat these
studies during brain inflammation.

Hypoxia was found to be a rapid stimulator of mi-
croglia proliferation, with a twofold increase in just 12 hr.
The mechanism by which hypoxia triggers proliferation of
microglia is unclear, but is thought to involve TNF-

(Bruce et al., 1996; Walton et al., 1999) or colony-
stimulating factors (Walton et al., 1999). LPS is known to
irreversibly inhibit microglia proliferation (Gebicke-
Haerter et al., 1989; Ganter et al., 1992). In addition, we
observed no increase in the number of microglia in LPS/
IFN-�-activated cultures after incubations in hypoxia, in-
dicating that hypoxia-induced neuronal death in activated
cultures was not due to an increase in microglia.

Glutamate has been implicated in ischemia-induced
neuronal death and its actions at the NMDA receptor are
concurrent with excitotoxic death of neurons (Simon et
al., 1984; Pohorecki et al., 1990). Our data presented here
also show that glutamate mediates neuronal death induced
by hypoxia in the presence of NO (from DETA/NO or
from activated glia). We found that the NMDA receptor
blocker MK-801 prevented neuronal death in both cases.
Higher NO concentrations have been shown to cause
glutamate release from neurons, as a result of inhibition of
mitochondrial respiration (McNaught and Brown, 1997;
Bal-Price and Brown, 2001) and through Ca2�-
dependent pathways from neurons (Leist et al., 1997) and
astrocytes (Bal-Price et al., 2002). These results suggest
that glial-derived NO in hypoxia causes activation of the
NMDA receptor either via respiratory inhibition induced-
glutamate release, or respiratory inhibition-induced depo-
larization of the plasma membrane.

Our findings presented here show that because NO
production inhibits cellular respiration, inflammation sen-

sitizes to hypoxia, inducing neuronal death. Reduced ce-
rebral blood flow can lead to low oxygen (and glucose)
levels, which in the presence of NO may cause inhibition
of mitochondrial respiration and subsequent excitotoxic
neuronal death. These findings may have relevance to
brain pathologies such as stroke, vascular dementias, and
trauma where both hypoxia/ischemia and iNOS expres-
sion occur, and suggest a mechanism by which the aged,
traumatized, or degenerating brain may become more
sensitive to hypoxic/ischemic damage.
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