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A very large body of evidence from in vivo studies has been accumulated on a link between the
change of energy and cell survival/apoptosis. Using an in vitro ischemia model, we have previ-
ously shown that ischemia could induce apoptosis in astrocytes. In this study, we utilized the
same in vitro model to investigate changes in ATP and ADP levels in cultured astrocytes and
attempted to demonstrate an energy–cell death linkage. Astrocytes remained unaltered after 2 hr
of ischemia but were moderately or severely damaged after 4 or 6–8 hr, respectively. The as-
trocytes that survived various lengths of in vitro ischemic incubation retained their ability to
produce ATP after ischemia. Both ATP and ADP levels were increased in astrocytes that re-
mained alive under in vitro ischemia for over 6 hr. The largest decline in the percent of viable
astrocytes during ischemia corresponded well to the reduction in ATP and ADP levels in these
cultures.
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dergo apoptosis. We have used a similar model to study
in vitro ischemia-induced proinflammatory cytokine re-
lease (2,3), the protective role of endothelin (4) and the
signal transduction pathway involved with cell death in
astrocytes (5).

A large body of evidence has been accumulated
on changes in energy metabolism associated with
ischemia, including the possibility of a link between
postischemic ATP and cell survival/apoptosis (6). ATP,
the main energy source for all cellular functions, is
needed for the proper maintenance of ion homeostasis,
translocation of molecules across cells and organelle
membranes as well as for many phosphorylation/de-
phosphorylation reactions. Interestingly, a strong corre-
lation between the percentage decline in ATP and the
cell death pathway taken has been observed in kidney
tubule cells (7). Apoptosis proceeded when ATP levels
are roughly �25% and necrosis when levels are 15%
(7). It has been shown previously that the ATP levels in

INTRODUCTION

We previously employed an anaerobic chamber to
study in vitro ischemia-induced apoptosis in astrocytes
(1). We showed that astrocyte death is partly due to
apoptosis in culture without the presence of neighboring
neurons. This implies that astrocytes in primary culture
possess all the necessary intracellular components to un-



astrocytes decline under in vitro ischemia (8,9). No
evidence is available on the association of changes in
intracellular ATP and ADP concentrations to astrocytic
survival under in vitro ischemia. Our goal was to deter-
mine the change in ATP and ADP levels in astrocytes
under and after in vitro ischemia and correlate these
changes with injury and cell death.

EXPERIMENTAL PROCEDURE

Primary, Culture of Rat Cerebral Cortical Astrocytes. Primary
cortical astrocytic cultures were prepared from the cerebral cortex of
newborn Sprague-Dawley rats (Animal Care Center, HKUST) as de-
scribed previously (1,2,10,11), with minor modifications. Cerebral
cortices freed of meninges were cut into small cubes (�1 mm3) in
Minimum Essential Media (MEM) (Gibco BRL, Life Technologies,
Inc., NY, USA), then mechanically dissociated by vortexing for
1.5 min. The resulting cell suspension was sieved, respectively,
through 70- and 10-�m sterile Mesh® nylon filters (Spectra/Mesh®,
Spectrum Medical Industries, Inc., TX, USA). A volume of cell sus-
pension equivalent to approximately one-fiftieth of one cerebrum
was plated in each 35-mm Falcon tissue culture dish (Becton Dickinson
& Co., Oxnard, CA, USA). Fresh MEM supplemented with 20% fetal
calf serum (FCS) (Globepharm Ltd., UK) was added to yield a final
volume of 2 mL. All cultures were incubated in a Napco CO2 incu-
bator (Precision Scientific Inc., Chicago, USA) at 37°C with 95%
air/5% CO2 (v/v) and 95% humidity. The culture medium was
changed 3 days after seeding with the MEM containing 20% FCS and
subsequently 2 times per week with MEM containing 10% FCS.
Cultures were used for experiments after they were 4 weeks old.

In Vitro Ischemia Model. The model used to study in vitro is-
chemic injury in astrocytes was described previously (1–3). Briefly,
the astrocytic cultures were transferred into an anaerobic chamber
(Forma Scientific, Inc., Ohio, USA) saturated with a N2/CO2/H2 mix-
ture (85/5/10). The cultures were washed 3 times with glucose and
serum-free MEM. Glucose- and serum-free MEM (0.8 mL) was
added to cover the astrocytes. The medium was degassed for 30 min
and saturated with N2/CO2/H2 gas mixture for 15 min before being
placed in the chamber. All cultures were wrapped with parafilm to
prevent evaporation. Post-in vitro ischemia incubation was per-
formed by replacing the glucose-free medium with 2 mL of serum-
free normal oxygenated MEM at the end of ischemic incubation, and
the cultures were incubated in a CO2 incubator with 95% air/5% CO2.

The controls were washed 3 times with normal MEM and in-
cubated in 800 �L of normal MEM in a CO2 incubator for the corre-
sponding experimental periods. The controls for post-in vitro ischemia
were established by refeeding normal cultures with 2 mL of serum-free
MEM and incubating in a normal CO2 incubator.

Cell viability was measured with Live/Dead® Eukolight™ Via-
bility/Cytotoxicity Kit (L-3224) from Molecular Probes, Inc. (OR,
USA) (1).

Extraction of Energy Metabolites. Cultures at the end of the in-
cubation were washed twice with ice-cold PBS and subsequently
lysed in 0.5 mL of 0.125 M KOH. The extracts were transferred to Ep-
pendorf tubes (Scientific Plastics®, FL, USA) and vortexed immedi-
ately. After 5 min on ice, 0.4 mL of 1 M KH2PO4 was added to adjust
the pH to 6. Following lyophilization, the extracts were stored at
�80°C for further High Pressure Liquid Chromatography (HPLC)
analysis and protein determination (12).

High Pressure Liquid Chromatography (HPLC). All the chem-
icals used for HPLC were purchased from Sigma Chemical Co. (St.
Louis, MO, USA).

The cellular extracts were resuspended in double-distilled water
followed by centrifugation for 5 min at 4°C. The supernatant was uti-
lized for the subsequent adenosine nucleotides determination by
HPLC. The HPLC system (Millipore Corporation, Milford, MA,
USA) consisted of a Model 600E multisolvent delivery system, a
Model 717 autosampler and a Model 996 photodiode array detector.
Retention times and peak areas were recorded by a Millennium 2010
chromatography manager system. Separations were performed on a
5-mm Supelcosil LC 18™ column (25 cm � 4.6 mm I.D.) (Supelco,
PA, USA) connected to a Supelguard™ guard column. The mobile
phases were 0.1 M KH2PO4, pH 6 (buffer A) and 0.1M KH2PO4, pH
6, with 10% (v/v) methanol (buffer B). The flow rate of the mobile
phase was 1.3 mL/min. The chromatogram was developed with the fol-
lowing program: 9 min of 100% buffer A, followed by buffer B in-
creased to 25% gradually for 6 min, 90% buffer B for 2.5 min and
100% buffer B for the final 2 min. Adenosine nucleotide content was
quantified by measuring absorbance at 254 nm.

Statistical Analysis. All data were analyzed by StatView, Version
4.0, and presented as means � SEM. Statistical analysis was per-
formed by Student’s t test. Unpaired t tests were used and a confi-
dence interval of 95% (i.e., p � 0.05) was considered to be
statistically significant.

RESULTS

Cell, Morphology and Viability. Figure 1A shows
representative micrographs of astrocytes stained with
Calcein-AM and ethidium homodimer. Astrocytes take
up extracellular Calcein-AM and convert it to calcein,
which fluoresces green due to the enzymatic activity of
intracellular esterases. As a result, Calcein-AM-positive
cells with green fluorescence represent live astrocytes.
Conversely, ethidium homodimer-positive cells with
orange fluorescence represent dead astrocytes. Figure
1A-a shows phase contrast micrographs of astrocytes
after 0 hr of in vitro ischemia. Figure 1A-d shows cells
in the identical field with green fluorescence, indicating
that the astrocytes are alive. Figures 1A-b and 1A-e
show cultures at 4 hr of in vitro ischemia. Many astro-
cyte nuclei were shrunken and the integrity of the culture
decreased (Fig. 1A-b). Many cell nuclei were intensively
stained red with ethidium homodimer, though many as-
trocytes still appeared with green fluorescence (Fig.
1A-e). Figures 1A-c and 1A-f show cultures at 10 hr
of in vitro ischemia, in which only a few cells were
intact and fluoresced green, while most of the nuclei
fluoresced red.

Figure 1B summarizes the percent of viable astro-
cytes remaining attached to the cultures under in vitro
ischemic condition. There was no significant decline in
viability of astrocytes under in vitro ischemic condi-
tions within the first 2 hr of in vitro ischemia. However,
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after 4 hr of in vitro ischemia, the percent of viable cells
was significantly reduced, by more than 50%. It was
further reduced by 15% after 8 hr. The number of viable
cells was probably overestimated because cells under-
going necrosis appeared to detach from the coverslips
and were not taken into account when calculating the
percent of viable astrocytes.

ATP and ADP Content during In Vitro Ischemia.
The average amounts of ATP and ADP in control astro-
cytic cultures at 0 hr were 35.10 � 1.77 and 9.38 �
0.87 nmol/mg protein, respectively (Fig. 2). The changes
in ATP and ADP amounts in astrocytic cultures under
control and ischemic incubations are shown in Fig. 2A
and B. Within the 10 hr of control incubation, there was
no significant change in ATP or ADP contents. In up to

2 hr of in vitro ischemic incubation, both ATP and ADP
contents showed a slight and statistically nonsignificant
depletion. At 4 hr of in vitro ischemia, ATP and ADP
contents were reduced by 65% and 40% of the initial
value, respectively. ATP content was further reduced to
15% of the control at 6 hr and to less than 10% at 8 hr
of in vitro ischemia. ATP content was 3.46 � 0.78 nmol/
mg protein at 10 hr of in vitro ischemia. ADP content
was reduced by 65% at 6 hr of in vitro ischemia and re-
mained at this level for the rest of the in vitro ischemic
incubation. The level of ADP was lowered to 2.68 �
0.32 nmol/mg protein at 10 hr of in vitro ischemia. Both
ATP and ADP showed a similar depletion course but the
rate of ADP decrease was slower than that of ATP.

ATP and ADP Content during Post-In Vitro Is-
chemia. During the post-in vitro ischemic recovery pe-
riod both ATP and ADP levels partially recovered (Fig.
3A, B). For astrocytes under 4 hr of in vitro ischemia,
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Fig. 1. A. Representative fields of primary astrocytic cultures showing
live (Calcein-AM-positive cells with green fluorescence) and dead
astrocytes (ethidium homodimer-positive cells with orange fluores-
cence) under control (a,d), 4 hr (b,e) and 10 hr (c,f) of in vitro ischemia
incubation. Photographs were taken with a barrier filter LP 520. Bar
size � 50 �m. B. The percent of viable primary cultured astrocytes
after different periods of in vitro ischemic incubation. Data represent
means � SEM from two separate experiments with n � 4–5. (*) p �
0.05 compared with control at 0 hr incubation.

Fig. 2. Changes in ATP and ADP content in primary astrocytic
cultures under control and in vitro ischemic incubation. A. ATP
content in control incubation (—�— ) and in vitro ischemia
incubation (— �—) (*) p � 0.05 compared with the ATP content in
the control culture at 0 hr. B. ADP content in control incubation
(—�— ) and ADP content in cultures in vitro ischemia incubation
(— �—). (*) p � 0.05 compared with the ADP content in the
control culture at 0 hr. Data represent the means � SEM from a
minimum of five cultures examined per time point.



cultured astrocytes remained sufficient to support phys-
iological functions. Furthermore, the energy metabolism
of astrocytes during post-in vitro ischemic recovery was
not affected as the level of energy metabolites in the cul-
tures was maintained at the control level throughout the
24 hr of post-in vitro ischemic incubation. This is con-
sistent with previous investigations (1,3,13,14).

The second stage of in vitro ischemic damage
occurred at 4 hr when injury to cell was considered
moderate. The number of viable cells decreased by
more than 50%. There was a significant decline in
ATP and ADP level in these cultures. Cells dying
during this stage might be the cell population more
vulnerable to ischemia insult. Cell death during this
stage of ischemia may be due to apoptosis (ATP �
25%) and necrosis (ATP � 15%). The astrocytes sur-
viving after this stage were able to recover their en-
ergy within 4 hr after entering post-in vitro ischemia,
indicating that ATP could be synthesized by phos-
phorylating ADP, thus the intracellular components
for energy production in these surviving cells was in-
tact and functional. It is at this stage that Annexin V
staining of astrocytes was identified in the surviving
astrocytes, indicating the commitment of these astro-
cytes to begin apoptosis (1).

The third stage of in vitro ischemic damage oc-
curred when astrocytes were incubated under in vitro
ischemic conditions for more than 6 hr. The injury to as-
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Fig. 3. Changes in ATP and ADP content in primary astrocyte culture under control and post-in vitro ischemic incubation. A. Changes in ATP
levels during post-in vitro ischemia: (—�—) control astrocytes; (—▫— ) astrocytes subjected to 4 hr in vitro ischemia; (— �— ) astrocytes
subjected to 8 hr in vitro ischemia. B. Changes in ADP levels during post-in vitro ischemia recovery: (—�— ) control astrocytes; (—▫— )
astrocytes subjected to 4 hr in vitro ischemia; (— �— ) astrocytes subjected to 8 hr in vitro ischemia. Each time point represents the means �
SEM from a minimum of five measurements. (*) p � 0.05 as compared with the ratios under post-in vitro ischemic incubation to the control value
at 0 hr. (†) p � 0.05 as compared with the ratio under post-in vitro ischemic incubations to the value at the end of their corresponding in vitro
ischemic incubation. Data represent the means � SEM from a minimum of five cultures examined per time point.

ATP levels quickly rose in the first 4 hr of post-in vitro
ischemia and then gradually returned to a level similar
to the control culture (Fig. 3A). For astrocytes incubated
under in vitro ischemic conditions for 8 hr, the recovery
of ATP to normal levels was incomplete and remained
lower than the control culture at 24 hr of post-in vitro
ischemic incubation (Fig. 3A). The ADP level of astro-
cytes undergoing 4 hr of in vitro ischemic incubation
rose in the first 4 hr of post-in vitro ischemia and then
reached a similar level to the control culture (Fig. 3B).
For astrocytes under 8 hr of in vitro ischemia, the pat-
tern of ADP level recovery was similar to that of the
ATP recovery in equivalent cultures, which remained
significantly lower than in the control at 24 hr of post-
in vitro ischemic incubation (Fig. 3B).

DISCUSSION

In this study, the extent of in vitro ischemic dam-
age to astrocytes can be divided into three stages. The
first stage occurs between 0–2 hr of in vitro ischemia.
The injury induced at this stage was mild, as indicated
by the lack of significant changes in the viable astro-
cytes and the slow decrease in their energy contents, as
indicated by the rate of hydrolysis of ATP. The levels of
ATP and ADP reflected no significant disturbance in
energy metabolism, indicating that the energy stored in



trocytes during this period was severe as reflected by
the change in morphology and the low levels of ATP
and ADP in these cultures. Astrocytes surviving this
stage of ischemic insult were severely injured as re-
flected by their energy level, which could not be recov-
ered throughout the post-in vitro ischemia experimental
period.

Yu et al. (8) and Gregory et al. (15) had previously
shown a correlation between depletion of ATP and cell
death in astrocytes under in vitro severe hypoxia. Cell
death was studied by the activity of extracellular lactate
dehydrogenase (LDH) in cultured astrocytes after expo-
sure to in vitro ischemic injury and was consistent with
the findings of Hertz et al. (16) and Huang et al. (13).
In this study, we showed that there was a correlation be-
tween ATP depletion and cell death in astrocytes under
in vitro ischemia. Cell death of astrocytes began after
2 hr of in vitro ischemia, which corresponded with the
time of ATP depletion. After 4 hr of ischemia, the loss
of astrocytes was associated with a 65% depletion of
ATP. This implied that the energy reserve in astro-
cytes was exhausted after the first 2 hr of ischemia.
The depletion of energy reserve might lead to a defi-
ciency in astrocytic functions, such as maintenance of
ionic homeostasis, thus leading to the influx of Na�,
Ca2�, Cl� and water into astrocytes.

The present study also shows that astrocytes in the
same culture might have different tolerance levels to
ischemic insult. The variability in tolerance among
these astrocytes might be due to differences in the
amount of energy reserves and the metabolic stage of the
astrocytes during or entering the ischemic insult (17,18).
The amount of nutrient storage might also vary from cell
to cell. Juurlink and Hertz (18) suggested that the release
of cytoplasmic components from dead cells was able to
support the metabolism of remaining viable astrocytes
under in vitro ischemia. In addition, the cultures might
contain subpopulations of astrocytes in younger and less
differentiated stages, which are known to be resistant to
in vitro ischemia (19) and hypoglycemia (20).

Astrocytes surviving in vitro ischemic insult could
resume ATP synthesis during postischemic recovery.
The balance of energy metabolism was disturbed during
recovery periods for astrocytes exposed to longer
in vitro ischemic incubation. Two hours of in vitro
ischemia did not cause severe damage to astrocytes, as
energy levels were rapidly restored. Four hours caused
50% of cells to die; however, the surviving astrocytes
were still able to recover their ATP levels within 4 hr of
post-in vitro ischemia. Thus, most of the surviving as-
trocytes had not yet reached a stage of commitment to
death and the changes in ATP synthesis were reversible.

The ischemic incubation between 4–6 hr might be
the critical period for astrocytes in response to in vitro
ischemic damage as the ability to restore ATP and ADP
levels in these astrocytes was largely reduced during
postischemic recovery. Although we did not have direct
evidence of irreversible damage between 4–6 hr, this is
supported by the observed difference in the energy
recovery of astrocytes that had less than 4 hr and more
than 6 hr of ischemia. This is also supported by the find-
ing of Goldberg and Choi (21), which suggested that
cultured astrocytes were irreversibly injured by expo-
sure to 4–6 hr of in vitro ischemia. The disturbance in
ATP and ADP synthesis observed in this study may ex-
plain the previous observation that astrocytes became
apoptotic after 6 hr of ischemia in this model and many
of these apoptotic astrocytes died of necrosis (1).

In conclusion, under in vitro ischemia, a correlation
between the depletion of ATP and cell injury in astro-
cytes was observed. The degree of ATP metabolism
alteration during in vitro ischemia would determine the
fate of astrocytes under post-in vitro ischemia. This
might explain our previous finding (1) that astrocytes be-
came apoptotic under ischemia might be related to the
level of energy metabolites in cells.
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