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Abstract
Astrocyte dysfunction and death accompany cerebral ischemia/reperfusion and possibly compromise
neuronal survival. Animal studies indicate that neuronal death, neurologic injury, and oxidative
molecular modifications are worse in animals exposed to hyperoxic compared to normoxic
ventilation during reperfusion after global cerebral ischemia. It is unknown, however, whether
ambient O2 affects brain cell survival using in vitro ischemia paradigms where mechanisms of injury
to specific cell types can be more thoroughly investigated. This study tested the hypothesis that
compared with the supraphysiological level of 20% O2 normally used in cell culture, lower, more
physiological O2 levels protect astrocytes from death following oxygen and glucose deprivation.
Primary rat cortical astrocytes were cultured under either 7 or 20% O2, exposed to O2, and glucose
deprivation for 4 h, and then exposed to normal medium under either 7 or 20% O2. Cell death and
3-nitrotyrosine and 8-hydroxy-2-deoxyguanosine immunoreactivities were assessed at different
periods of reoxygenation. Astrocytes exposed to low levels of O2 during reoxygenation undergo less
death and exhibit lower levels of protein nitration and nucleic acid oxidation when compared with
those under high levels of O2 during reoxygenation. These results support the hypothesis that the
20% O2 normally used in cell culture exacerbates astrocyte death and oxidative stress in an in
vitro ischemia/reperfusion model compared to levels that more closely approximate those that exist
in vivo.
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INTRODUCTION
Several studies have demonstrated that when animals are hyperoxic during reperfusion
following global cerebral ischemia, brain tissue oxidative stress markers, impaired cerebral
energy metabolism, neuronal death, and neurologic impairment are greater than what is
observed following normoxic reperfusion (Balan et al., 2006; Liu et al., 1998; Mickel et al.,
1987; Richards et al., 2006; Vereczki et al., 2006). These findings have led to the concept that
brain tissue oxygenation in excess of what is necessary to saturate metabolic O2 utilization is
toxic during early reperfusion, when altered intracellular conditions, e.g., pH, [Ca2+], etc., may
either promote the formation of reactive oxygen species (ROS) or inhibit their detoxification
(Rosenthal and Fiskum, 2005). While injury to and death of neurons has been the focus of
ischemic brain injury research, evidence indicates that astrocytes also undergo dysfunction and
delayed death after global cerebral ischemia (Liu et al., 1999; Petito et al., 1998). Moreover,
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astrocyte death can occur prior to neuronal death and, like neurons, exhibits a spatial pattern
of selective vulnerability (Ouyang et al., 2007). Experiments performed in vitro with primary
cultures of cortical astrocytes exposed to oxygen and glucose deprivation (OGD) demonstrate
that overexpression of copper/zinc superoxide dismutase substantially protects against delayed
death (Wang et al., 2005), suggesting that oxidative stress contributes to the pathophysiology
of astrocyte cell death during ischemia/reperfusion, as other studies have shown for neurons
(Sugawara et al., 2002; Vereczki et al., 2006).

The relevance of studies performed with primary cultures of brain cells to acute brain injury
disorders is limited by several factors, including the very different environments in which the
cells exist. For instance, cell culture is typically performed under an atmosphere of 95% air
and 5% CO2, which is ∼20% O2 (149 mm Hg), corresponding to >250 μM dissolved O2 present
in the medium. The intraparenchymal O2 tension present in a normal brain ranges from ∼20–
30 mm Hg (Erecinska and Silver, 2001), corresponding to 30–50 μM O2 dissolved O2 in the
extracellular fluid. Since cells maintained under normal cell culture O2 tensions are in a
severely hyperoxic environment compared with what exists in vivo and since hyperoxia can
promote the generation of reactive O2 species (Kudin et al., 2004; Turrens et al., 1982), cells
in culture may be particularly sensitive to conditions that promote oxidative stress.
Alternatively, exposure of cells to hyperoxia can potentially cause upregulation of antioxidant
gene expression, resulting in relative resistance to oxidative stress (Papaiahgari et al., 2004).
In light of these considerations, this study was undertaken to determine if the death of cortical
astrocytes is influenced by the ambient O2 concentration present either prior to or after exposure
to OGD, as an in vitro model of cerebral ischemia. In addition to comparing outcomes at 20%
O2 to those at a more physiologically realistic level of 7% O2, astrocytes were exposed to OGD
using an ionic shifts solution, which contains protons, Ca2+, and other ions at levels that much
more closely resemble those that exist during cerebral ischemia than those present in normal
culture medium (Bondarenko and Chesler, 2001). The results of this study support those
obtained in vivo with different levels of ventilatory O2 and demonstrate that hyperoxic
reoxygenation promotes oxidative stress and exacerbates delayed death of astrocytes after
transient O2 and glucose deprivation.

MATERIALS AND METHODS
Materials

DMEM/F12 50/50 culture medium was purchased from Cellgro (Manassas, VA), Fetal bovine
serum from HyClone (Logan, UT), penicillin-streptomycin solution from Gemini Bio-Products
(West Sacramento, CA), mounting medium from Vector Laboratories, and phosphate buffered
saline from Cambrex Bio Science (Walkersville, MD). All other reagents were obtained from
Sigma-Aldrich (St. Louis, MO).

Primary Culture of Rat Cortical Astrocytes
Cortical astrocytes were prepared from brains of 1-day-old Sprague-Dawley rat pups as
described by (Zielke et al., 1990) using a method based on a procedure by (Booher and
Sensenbrenner, 1972) with minor modifications. The cell suspension (enriched in astrocytes)
was seeded in 185 cm2 Nunc tissue flasks at a density of 30 mL cell suspension per flask. The
cells were maintained in a culture incubator at 37°C in an atmosphere of 95% air/5% CO2,
with 90% humidity. The culture medium was replaced after 4 days and twice weekly thereafter.

Experiments were performed on cultures with age between 18 and 21 days in vitro when they
reach maximal sensitivity to cell death caused by the combination of O2 and glucose
deprivation (Juurlink et al., 1992). Two days before the experiment the cells were replated at
the density of 2–2.5 × 105 cells on 25 mm poly-L-lysine coated glass coverslips and maintained
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in DMEM/F12 media with 5 mM glucose, 10% serum, 1% Pen/Strep at either 20% O2 or 7%
O2. All the cultures were grown in regular culture incubators (95% air and 5% CO2) before
being replated on coverslips.

The purity of the astrocyte cultures was determined by immunocytochemical staining for glial
fibrillary acidic protein (GFAP), a marker for astrocytes, ionized calcium binding adaptor
molecule (IBA 1), a marker for microglia, and 2′,3′-cyclic nucleotide 3′-phosphodiesterase
(CNPase) a marker for oligodendrocytes, and neuron nuclear antigen (NeuN), a marker for
neurons. Cells on 25 mm poly-L lysine coated glass coverslips were rinsed twice with potassium
phosphate-buffered saline, pH = 7.4, (KPBS) and fixed with 4% paraformaldehyde for 10 min.
Fixed cells were incubated with 1% sodium borohydride for 20 min, and then rinsed multiple
times until bubbles were eliminated. Cells were incubated with primary monoclonal anti-
CNPase mouse antibody (Wako) and polyclonal anti-GFAP antibody rabbit antibody
(DakoCytomation) in KPBS +0.4% Triton at 4°C for 48 h. Cells were rinsed and incubated
with secondary donkey anti-mouse (Alexa Fluor 488, Invitrogen) and goat anti-rabbit (Alexa
Fluor, 546, Invitrogen) 1 h at room temperature (RT). For IBA 1/GFAP co-staining, cells were
incubated with primary rabbit anti-IBA1 antibody in KPBS +0.4%Triton at 4°C. After 48 h,
the cells were rinsed and incubated with secondary goat anti-rabbit (Alexa Fluor 594,
Invitrogen). Rinsed cells were blocked with 1% normal rabbit serum (KPL) for 1 h followed
by incubation with goat F(ab′)2 anti-rabbit antibodies for 1 h at RT. The cells were incubated
overnight with primary polyclonal anti-GFAP rabbit antibody (DakoCytomation). After being
rinsed, the cells were incubated with secondary donkey anti-rabbit (Alexa Fluor 488,
Invitrogen) for 1 h at RT. Coverslips were washed and mounted on glass slides using
VectaShield mounting medium (Vector Laboratories). Contamination of the astrocyte cell
cultures was determined to be <5% microglia and <2% oligodendrocytes or neurons and was
not different when cells were cultured at 7 or 20% ambient O2 prior to the experiments.

Oxygen and Glucose Deprivation (OGD)
Primary cultures of rat cortical astrocytes were deprived of O2 and glucose by changing the
culture medium to glucose-free pH 6.55 “ionic shift” solution (ISS), containing NaCl (39 mM),
Na-gluconate (11 mM), K-gluconate (65 mM), n-methyl-D-glucamine-Cl (38 mM),
NaH2PO4 (1 mM), CaCl2 (0.13 mM), MgCl2 (1.5 mM), Bis-Tris (10.5 mM) with HCl used to
adjust the pH to 6.55. The ISS was deoxygenated by 24-h preincubation in the anaerobic
chamber. The Bis-Tris was used as buffer considering its high buffer capacity at pH 6.5 (pKa
= 6.5 ± 0.15). Compared with normal culture medium, ISS has reduced pH, lower
concentrations of Ca2+, Na+, Cl−, and increased K+, to model changes in the extracellular milieu
during ischemia, as described by (Bondarenko and Chesler, 2001).The coverslips were placed
in an anaerobic chamber (Forma Scientific Model 1025) under an atmosphere of 10% H2, 5%
CO2, and 85% N2. The levels of O2 and H2 inside the chamber were monitored by using a
Monitor Analyzer (Coy Laboratory Products) and values of <1 part O2 per million and H2 at
between 5 and 6% were considered acceptable. The dissolved O2 concentration of the ISS
solution was measured using CHEMet test (CHEMetrics, VA) that employs the Rhodazine D
method. The values of the dissolved oxygen in deoxygenated ISS were between 10 and 40
parts per billion, equivalent to 0.32–1.28 μM. After washing the cells twice with deoxygenated
ISS, they were incubated in the anaerobic chamber for 4 h. At the end of this period, cells were
removed from the anaerobic environment, the ISS was replaced with serum free medium
(DMEM/F12) containing 5 mM glucose, and the cultures placed in an incubator under either
95% air (20% O2)/5% CO2 or 7% O2/5% CO2/88% N2. In addition to varying the O2 tension
following OGD, in some experiments cells were also maintained in culture for 48 h prior to
OGD at 7% O2. Control experiments were performed with cells maintained under identical
conditions before, during, and after OGD except that they were maintained during the sham
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OGD in serum free medium that contained 5 mM glucose. The experimental paradigm is shown
schematically in Fig. 1.

In some experiments, astrocytes were exposed to either glucose deprivation (GD) or O2
deprivation (OD) alone. For GD, cells were cultured only under normal 95% air/5% CO2
before, during, and after a 4 h exposure to ISS minus glucose. All other conditions were the
same as for the OGD experiments. For OD, cells were cultured before and after OD under 95%
air/5% CO2. During OD, the ISS medium contained 10 mM glucose. All other conditions were
the same as for the OGD experiments.

Cell Death Measurements
Astrocyte cell death was assessed by using the membrane impermeable fluorescent dye
propidium iodide (PI; 50 μg/mL) to label dead cells, and the cell permeable fluorescent dye
Hoechst 33258 (35 μg/mL) to label all cells. Astrocytes were exposed to both dyes for 20 min
at 37°C, fixed in ice-cold paraformaldehyde for 10 min, washed with phosphate buffered saline,
and mounted with VectaShield mounting medium. Fluorescence was observed with a 20×
objective lens using a Nikon Eclipse E800 fluorescence microscope and images were captured
with a SPOT camera. Merged PI/Hoechst images were used for cell counting performed on
three random fields per coverslip (between 500 and 700 cells/field). Nuclei of viable cells were
observed as blue intact nuclei. Red round nuclei (PI-positive cells) and fragmented (or
condensed) blue nuclei were considered as dead cells. The number of dead cells is expressed
as percentage of the total Hoechst-stained cells.

Oxidative Modification of Protein and Nucleic Acids
Fluorescence immunocytochemistry was performed on cell cultures on coverslips. After 4 h
reoxygenation, the coverslips were rinsed twice with 0.05 M potassium phosphate buffered
saline (KPBS), pH 7.4, and fixed with 4% paraformaldehyde for 10 min. Fixed cells were
incubated with 1% sodium borohydride solution for 20 min and then rinsed multiple times until
bubbles were eliminated. Rinsed cells were incubated with primary rabbit anti-3-nitrotyrosine
antibody (Upstate, NY) or goat 8-hydroxydeoxy-2-guanosine (8OHdG) antibody (Chemicon)
in KPBS +0.4% Triton at 4°C. After 48 h, cells were rinsed and incubated with secondary goat
anti-rabbit (Alexa Fluor 555, Invitrogen) and donkey anti-goat antibody (Alexa Fluor 546,
Invitrogen) 1 h at RT. The coverslips were washed, and then incubated in Hoechst and mounted
on glass slides using VectaShield mounting medium (Vector laboratories, CA). The
fluorescence was observed with a 20× objective lens, using a computer-assisted image analyzer
consisting of a Nickon Eclipse E800 fluorescence microscope, a CCD digital camera
(Biovision Technologies) and an IBM computer. Images were acquired on a Spot Advanced
camera. The excitation wavelength range was 530–550 nm and fluorescence emission was
measured at 565 nm.

For quantification, the coverslips double stained with antibodies against anti-3-nitrotyrosine
or 8OHdG and Hoechst were analyzed with a computer-assisted image analyzer described
above using the MetaMorph software. Three independent images were obtained from each
individual coverslip, with 5–7 coverslips per experimental condition. The relative fluorescence
for each image was calculated by dividing the integrated intensity by the number of cells present
in the field. The value for each of the 5–7 experiments represents the average of the values for
the three images.

Statistics
Results are presented as means ± SEM for three to seven independent experiments. Where
indicated, statistical analyses used analysis of variance (ANOVA) followed by Student-
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Newman-Keuls or Holm-Sidak tests for multiple comparisons, with P < 0.05 considered
significant.

RESULTS
Astrocyte Cell Death Following O2 and Glucose Deprivation

Pilot experiments using different periods of O2 and glucose deprivation established that 4 h
exposure to OGD resulted in no immediate cell death but substantial delayed death (30–40%)
of astrocytes at 24–48 h after reoxygenation plus glucose (see Fig. 2). This 4 h period was used
in all subsequent experiments to model the primarily delayed brain cell death that occurs
following transient global cerebral ischemia.

To investigate the effect of OGD on astrocyte cell survival, we first compared cell death after
OGD to that observed after either O2 deprivation (OD) or glucose deprivation (GD) alone (see
Fig. 2). Less than 5% cell death was observed immediately following 4 h OD, GD, or OGD,
which was not significantly different than the death observed in the control cells. At both 24
and 48 h reoxygenation after OGD, 30–40% cell death was observed, which was significantly
greater that death in control cells (<5%), cells exposed to GD (10%), or to cells following OD
(10–15%). Although a small but significant increase in cell death occurred 24–48 h after 4 h
OD but not GD, it is clear that the much greater death seen after OGD is the consequence of
combined O2 and glucose deprivation rather than either condition alone.

Reducing O2 During Reoxygenation Protects Astrocytes from Death Following O2 and
Glucose Deprivation

Establishment of an astrocyte OGD model that results in substantial delayed cell death with
little or no acute death allows for testing the role of O2 levels present before and after OGD
on outcome. Studies by Vereczki et al. (2006) and Balan et al. (2006) using an animal model
of cardiac arrest and resuscitation indicate that early, postischemic hyperoxia aggravates
neuronal injury and cell death, compared to what is observed using normoxic resuscitation.
We therefore tested the hypothesis that the level of ambient O2 to which astrocytes are exposed
in vitro affects cell death after OGD. We performed experiments using groups representing
four sets of conditions. For two groups, we maintained the same O2 concentration before the
insult and during reoxygenation as follows: (20/20%) and (7/7%). For another two groups, we
changed the level of O2 during reoxygenation compared to what was present prior to OGD:
(20/7%) and (7/20%).

As shown in Fig. 3, when astrocytes were exposed to 7% O2 before and after OGD (7/7), cell
death measured at 48 h was significantly reduced by more than 50% compared to that observed
with cells exposed to 20% O2 before and after OGD (20/20). As it is possible that the levels
of O2 present for 48 h prior to OGD could be responsible for this difference, we also compared
death observed in the 20/7 and 7/20 groups. When compared to the ∼60% death observed in
the 20/20 group, the death in the 20/7 group was significantly lower whereas the death in the
7/20 group was not significantly different. While there was a trend toward cytoprotection in
the 7/7 group compared with the 7/20 group, the difference was not statistically significant.
Although not shown, the acute death observed after OGD alone was not different for cells
preincubated at either 20 or 7% O2. In summary, these data indicate that the level of O2 present
during reoxygenation after OGD is the primary determinant of the extent of cell death rather
than the O2 present prior to the insult.

Reduced Ambient O2 Protects Astrocytes from Oxidative Modifications to Proteins and DNA
To test the hypothesis that differences in oxidative stress accompany the effects of
reoxygenation O2 levels on astrocyte cell death after OGD, we used immunocytochemical
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staining for 3-nitrotyrosine (3-NT) as a marker of oxidative protein alteration and staining for
8-hydroxy-2-deoxyguanosine (8OHdG) as a marker of DNA/RNA oxidation. Figures 4 and 5
provide both representative images and quantification of 3-NT and 8-OHdG immunostaining,
respectively, of astrocytes cultured under 7 or 20% O2 both before and after 4 h OGD. 3-NT
immunostaining in cells cultured normally at 7 or 20% O2 was not significantly different (Fig.
4B). Immunostaining was also not different at 4 h reoxygenation after OGD under 7% O2
compared to normal cells under 7% O2. Immunostaining was significantly elevated, however,
after reoxygenation under 20% O2, compared to reoxygenation at 7% O2 or to normal cells
under 20% O2. As shown in Fig. 5B, the 8OHdG immunoreactivity observed in normal
astrocytes cultured under 7 and 20% O2 was not different. In contrast to 3-NT immunostaining,
8OHdG immunoreactivity at 4 h reoxygenation under 7% O2 was greater than that observed
with normal cells at 7% O2. As expected, this elevation after reoxygenation was also observed
with cells under 20% O2. Most importantly, 8OHdG immunostaining after reoxygenation was
significantly higher for cells under 20% compared with 7% O2.

DISCUSSION
The most important conclusion drawn from this study is that levels of ambient O2 ranging from
what is normally used for cell culture (20%) to a level more consistent with what exists in
vivo (7%) directly influence the sensitivity of astrocytes to death induced by transient exposure
to O2 and glucose deprivation. While oxidative stress has been demonstrated to play a role in
astrocyte death after OGD, this study is the first to demonstrate that the level of O2 present
during reoxygenation of cells in vitro is an important determinant of outcome. This conclusion
is based on the finding that when cells were cultured under 20% O2 prior to OGD, delayed cell
death was significantly greater using reoxygenation at 20% compared to 7% O2. When cells
were cultured under 7% O2 prior to OGD, there was a trend toward more cell death after
reoxygenation at 20% compared to 7% O2. There was also a trend for greater cell death after
reoxygenation at 20% O2 when pre-oxygenated at 7% compared to 20% O2. Although there
was no difference in the background death of cells cultured at 7 or 20% O2, this observation
could be explained by the possibility that cells experience greater oxidative stress when
cultured at 20% compared to 7% O2, resulting in increased vulnerability to reoxygenation
injury.

The conclusion that ambient O2 during reoxygenation affects cell death through promotion of
oxidative stress is supported by observations that both 3-nitrotyrosine and 8-hydroxy-2-
(deoxy)guanosine immunoreactivities were significantly higher at 20% compared to 7% O2 at
an early period of reoxygenation (4 h), prior to when cell death matures. While our experiments
do not prove a causative role for these particular forms of molecular modifications in
reoxygenation-induced cell death, many other studies have demonstrated that protein, DNA,
and RNA oxidation can trigger cell death cascades (Luo et al., 2007; Ohtaki et al., 2007; Pehar
et al., 2002; Shan et al., 2007). Although immunostaining for 8OHdG is commonly ascribed
to nuclear DNA oxidation, studies also indicate that it can reflect oxidation of both RNA and
mitochondrial DNA (Clayton, 1982; Zhang et al., 1999). Studies are in progress to further
identify the species and intracellular location of oxidized nucleic acids observed in these
experiments.

The importance of our results obtained with an in vitro model of cerebral ischemia and
reperfusion relates to the influence of astrocyte injury and death over neurologic outcome in
acute neurodegenerative disorders. Astrocytes are integrally involved in metabolic and ionic
homeostasis, inflammatory responses, and control of extracellular glutamate levels (Aas et al.,
1993; Hertz and Zielke, 2004; Hertz et al., 1999; Storm-Mathisen et al., 1992; Torp et al.,
1994). Astrocytes also produce neurotrophic factors that promote neuronal survival and
provide neurons with precursors for glutathione biosyn-thesis, which is necessary to combat
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oxidative stress (Dringen, 2000; Drukarch et al., 1997; Makarov et al., 2002). Moreover,
astrocytes release lactate, which is then used by neighboring neurons as fuel for aerobic energy
metabolism (Dienel and Hertz, 2001) particularly following cerebral ischemia (Schurr, 2002;
Pellerin et al., 2007). Therefore, the death or dysfunction of astrocytes in acute brain injury
may compromise neuronal metabolism and survival, thereby contributing to neurologic
impairment (Chen and Swanson, 2003; O'Malley et al., 1992; Takeshima et al., 1994).

While evidence indicates that substantial astrocyte death occurs following global cerebral
ischemia, particularly in the hippocampal CA1 region known for its selective neuronal
vulnerability, the effects of environmental factors, e.g., pH and O2 tension, on ischemic
astrocyte cell death have not been studied. The fact that we previously found that hippocampal
neuronal death following cardiac arrest is profoundly exacerbated by hyperoxic compared to
normoxic resuscitation provided an additional incentive for testing the effects of ambient O2
on astrocyte cell death in an in vitro model of ischemia/reperfusion (Balan et al., 2006; Vereczki
et al., 2006). A relatively high level of 20% ambient O2 was used in our experiments because
it is the normal level of O2 used for maintaining cells in culture and for most cell death
paradigms performed in vitro. This concentration of atmospheric O2 is equivalent to 149 mm
Hg and results in a culture medium O2 concentration of ∼250 μM. Normal brain tissue pO2
ranges from around 20–30 mm Hg and can reach 75 mm Hg only when systemic arterial
pO2 levels are in excess of 300 mm Hg due to ventilation of 100% O2. Therefore, the level of
O2 to which cells are exposed under 95% air, 5% CO2 creates an extremely hyperoxic
environment compared to what exists within the brain or, indeed, most other tissues. While
even the 7% ambient O2 used for our comparative experiments corresponds to a physiologically
high level of around 50 mm Hg, this was used to avoid the possibility that hypoxic conditions
could be generated in the culture wells by astrocyte O2 consumption. In the absence of accurate
O2 measurements at the level of the astrocyte surface, we can therefore only conclude that the
20% O2 condition corresponds to physiologic hyperoxia and that the 7% condition is closer to
physiologic normoxia. Given this limitation, we can still conclude that the effects of O2 levels
during reoxygenation after OGD on astrocyte oxidative stress and subsequent death are
qualitatively similar to what we have observed for oxidative stress and delayed neuronal death
during reperfusion after global cerebral ischemia.

The finding that ambient O2 has a substantial effect on outcome in this in vitro model of
ischemia/reperfusion also indicates that the influence of other common environmental factors,
e.g., concentrations of glucose, CO2, and nitric oxide, should be examined similarly. For
instance, while the glucose concentrations used in our experiments are similar to those
commonly employed in other models of ischemic cell death, they are higher than those present
in the brain interstitium. This may result in excessive glycogen deposition, which could explain
why 4 h of glucose deprivation in the presence of O2 resulted in no significant cell death. Future
studies varying both glucose and O2 concentrations might also provide insight into the possible
interactions between pre-ischemic hyperglycemia and postischemic oxygenation.

Oxygen is the common substrate for the generation of superoxide and nitric oxide and can
therefore be the limiting factor in the production of ROS under conditions where the activities
of ROS-generating processes is not saturated by the O2 concentration. The current study
performed in vitro using transient OGD taken together with the in vivo studies using transient
global cerebral ischemia and reperfusion indicate that avoidance of hyperoxia during
reoxgenation is an effective approach to reducing prelethal oxidative stress and subsequently
improving brain cell survival. Caution should be taken in applying these results to other forms
of brain injury, e.g., ischemic stroke and head trauma, as systemic hyperoxia may result in
brain tissue normoxia and improved outcome under conditions that can exist in these disorders
where tissue oxygenation can limit aerobic cerebral energy metabolism (Menzel et al., 1999;
Singhal et al., 2005).
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Fig. 1.
Astrocyte oxygen/glucose deprivation (OGD) paradigm. Rat cortical astrocyte cultures were
replated onto 25-mm glass coverslips and maintained for a further 48 h at either 20 or 7%
oxygen. Cells were then exposed to OGD in a glucose free ionic shift solution (ISS) with a
medium free [O2] as described in Methods. OGD was terminated by removing the cultures
from the anaerobic chamber, replacing the ISS with DMEM/F12 serum free medium containing
5 mM glucose and transferring the cells to incubators at either 7 or 20% O2. The experiments
were terminated at 4 h reoxygenation for measurements of protein and DNA/RNA oxidation,
or at 0, 24, or 48 h reoxygenation for measurements of cell death. Control cultures were exposed
to serum free medium under 7 or 20% O2 during the same period as OGD cultures. In some
experiments, cells were exposed to only glucose deprivation or O2 deprivation during the same
period as OGD cultures. A–E represents the times when the cells were collected and analyzed.
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Fig. 2.
Effect of glucose deprivation (GD), oxygen deprivation (OD) and oxygen/glucose deprivation
(OGD) on astrocyte cell death. Astrocytes maintained at 20% O2 were incubated for 4 h under
20% O2 in ISS medium with no glucose (GD), under anaerobic conditions in deoxygenated
ISS plus 10 mM glucose (OD), or in deoxygenated ISS with no glucose (OGD). The percentage
of cells that died was determined after the initial 4 h exposure and at 24 and 48 h of subsequent
culture under 20% O2 in serum-free normal medium containing glucose. Results are expressed
as means ± SEM from n = 4–7 different cell culture preparations. Data were analyzed using
one-way ANOVA and Student Newman-Keuls post-hoc test. **P < 0.001
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Fig. 3.
Effect of different atmospheric oxygen levels present before and after OGD on delayed
astrocyte cell death. Astrocytes were maintained at 20% O2 or exposed to 7% O2 48 h before
4 h OGD. Reoxygenation was performed at 7 or 20% O2, generating four experimental
combinations of pre- and post-OGD oxygenation conditions: 7/7, 7/20, 20/7, 20/20. Death of
control cells was between 3.5 and 6.9% for all four experimental groups (not shown). Values
are the means ± SEM from 3–5 independent experiments. Data were analyzed using one-way
ANOVA and Holm-Sidak post hoc test. *P < 0.01

DANILOV and FISKUM Page 13

Glia. Author manuscript; available in PMC 2008 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Nitrotyrosine immunostaining of cortical astrocytes 4 h after OGD. Astrocyte cultures were
maintained at either 20 or 7% O2 both before and after OGD. Cells were stained using 3-NT
antibodies after 4 h reoxygenation. A: Representative images of immunofluorescence. B:
Quantitative comparison of immunocytochemical fluorescence. Relative fluorescence values
were obtained as described in Materials and Methods and are expressed as the means ± SEM
from n = 6–7 different experiments. Data were analyzed using one-way ANOVA with Holm-
Sidak post hock test. *P < 0.01, #P < 0.05
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Fig. 5.
Immunocytochemical staining of DNA oxidation in cortical astrocytes 4 h after OGD.
Astrocyte cultures were maintained at either 20 or 7% O2 both before and after OGD. Cells
were stained using antibodies to 8OHdG after 4 h reoxygenation. A: Representative images of
immunofluorescence. B: Quantitative comparison of immunocytochemical fluorescence.
Relative fluorescence values were obtained as described in Materials and Methods and are
expressed as the means ± SEM from n = 4–5 different experiments. Data were analyzed using
one-way ANOVA with Holm-Sidak post hock test. *P < 0.01, #P < 0.05

DANILOV and FISKUM Page 15

Glia. Author manuscript; available in PMC 2008 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


