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Research on ischemic brain injury has established a central role of mitochondria in neuron death
(1–3). Astrocytes are also damaged by ischemia (4), although the participation of mitochondria
in their injury is ill defined. As astrocytes are responsible for neuronal metabolic and trophic sup-
port, astrocyte dysfunction (5) will compromise postischemic neuronal survival. Ischemic alter-
ations to astrocyte energy metabolism and the uptake and metabolism of the excitatory amino
acid transmitter glutamate may be particularly important. Despite the significance of ischemic
astrocyte injury, little is known of the mechanisms responsible for astrocyte death and dysfunc-
tion. This review focuses on differences between astrocyte and neuronal metabolism and mito-
chondrial function, and on neuronal–glial interactions. The potential for astrocyte mitochondria to
serve as targets of neuroprotective interventions is also discussed.
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INTRODUCTION

Ischemic brain injury comprises: (i) the initial
ischemic insult; (ii) a maturation period, during which
cells may resume various functions if adequate reperfu-
sion follows the ischemia; and (iii) a delayed series of
events leading to cell death. Ischemia causes mitochon-
drial dysfunction through oxygen and glucose depriva-
tion. The loss of oxygen blocks the oxidation of pyruvate
(and other substrates) by the mitochondria, drastically
reducing ATP production. Reduced ATP stimulates gly-

colytic metabolism of residual glucose and glycogen,
thereby increasing the production of lactate plus H�. Loss
of ATP also inhibits various membrane ion pumps, lead-
ing to a loss of cellular and mitochondrial ion gradients
with cellular influx of Ca2� and Na� and efflux of K�

(1,6,7).

DISCUSSION

Ischemia/Reperfusion: Pathology

The influx of Ca2� into cells is the most significant
event in the pathogenesis of ischemic brain damage.
Ca2� influx triggers mitochondrial dysfunction, leading
to immediate or delayed cell death (8–11). In neurons,
the principle route of Ca2� influx is through NMDA glu-
tamate receptors (12). Astrocytes lack NMDA receptors,
and recent studies suggest that astrocyte Ca2� influx dur-
ing ischemia/reperfusion occurs through reverse action
of the Na�/Ca2� exchanger in response to the lowered
extracellular Na� (13).
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Mitochondria in Ischemia

Mitochondrial dysfunction plays a central role in
cerebral ischemia/reperfusion cell injury and death (14).
After transient ischemia, the reperfusion period is charac-
terized by a gradual rise in cytoplasmic free Ca2� (15),
Ca2� sequestration in mitochondria (16,17), and mitochon-
drial respiratory dysfunction (18). Data showing a translo-
cation of cytochrome c from the mitochondria to the
cytosol during reperfusion suggest that mitochondrial
membranes are damaged or that their permeability
properties are altered (19–21). Mitochondrial respiratory
dysfunction can be induced by several ischemia/
reperfusion-associated events, including membrane lipid
peroxidation (22,23), direct oxidation of respiratory
enzymes, for example, the pyruvate dehydrogenase (PDH)
complex (24), and Ca2�-induced loss of critical respiratory
components (e.g., NAD(H) and cytochrome c) (25,26).

Comparison of Neuron and Astrocyte Injury 
in Ischemia

Forebrain ischemia of brief to intermediate dura-
tion gives rise to delayed cell death over several hours
or days (for review see [1]). Vulnerability to ischemia
varies among neuronal subtypes. For example, within
the hippocampus, the pyramidal cells of the CA1 sec-
tor are the most vulnerable whereas neurons in the den-
tate gyrus are the most resistant (27–29). It was once
assumed that ischemia causes a purely neuronal cell
death (for review see [30]). However, recent morpho-
logical studies suggest that glia are also damaged by
ischemia (4). Mitochondria expressing pathological
morphology were observed in non-neuronal cells in a
permanent middle cerebral artery occlusion (MCAO)
model in monkeys (31). Swollen mitochondria within
astrocytes were found in a feline model of transient
MCAO (32), and astrocyte death was reported within 1
day after rat focal ischemia (5). As is the case for neu-
rons, vulnerability to insult varies across astrocyte sub-
types. Protoplasmic cortical astrocytes are reported to
be more sensitive than fibrous astrocytes to MCAO (33)
and astrocytes cultured from cortex, striatum, and hip-
pocampus differ in their sensitivity to oxygen/glucose
deprivation or H2O2 exposure (34). Pathological changes
in mitochondria present in oligodendrocytes and astro-
cytes were observed 30 min after the arterial occlusion
(35), suggesting that at least the glia of the cerebral white
matter are highly vulnerable to the effects of ischemia.

In the 1970s a technique was developed to isolate
energetically functional synaptic and nonsynaptic (“free”)
mitochondrial from brain (36–38). Synaptic mitochondria

are derived from neurons; nonsynaptic mitochondria are
a mix of neuron- and glia-derived organelles. There are
differences between the two populations of mitochondria.
Metabolic enzyme activities and rates of respiration vary
between synaptic and nonsynaptic mitochondria isolated
from normal brains (37,39). Further, when isolated fol-
lowing ischemia, both synaptic and nonsynaptic mito-
chondria exhibit a loss of respiratory activity, but the
degree of inhibition of respiratory chain complex I neces-
sary for inhibition of oxidative phosphorylation is 25% for
CA1 synaptic mitochondria, compared to 60% for nonsy-
naptic mitochondria (40). Such differences in mitochondr-
ial function and response to inhibition may underlie the
higher susceptibility of neurons than glia to ischemic injury
and death.

The presence of both neuronal and glial mitochon-
dria in nonsynaptic preparations limits the conclusions that
can be drawn regarding the relative contributions of neu-
ronal and non-neuronal cells to ischemia-induced changes
in mitochondrial function. In vitro models of ischemia
using primary cultures of astrocytes and neurons have
been developed to more directly address the question of
how ischemia affects cell-selective mitochondrial injury
and cell survival. One hour of oxygen-glucose deprivation
did not lead to astrocyte death but did produce a long-
lasting decrease in mitochondrial membrane potential and
a loss of mitochondrial cytochrome c (41). Longer peri-
ods of oxygen-glucose deprivation produced astrocyte
death in some but not all studies (42,43), while combina-
tions of hypoxia and acidosis or hypoxia/acidosis and
ischemia-relevant changes in ion concentrations were very
effective at killing astrocytes in vitro (44,45). When astro-
cyte death was observed, it was associated with a prelethal
reduction in glutathione, oxidative damage, and impaired
active uptake of glutamate (46–48). Astrocyte glutamate
uptake and glutathione production are important for neu-
ron survival, thus ischemic impairment of these activities
may promote neuron death even in the absence of astro-
cyte cell death.

Neuroglial Interactions: Glutamate Excitotoxicity

Glutamate is the principal excitatory neurotransmit-
ter in the mammalian brain. However, high levels of glu-
tamate lead to excitotoxic neuronal death mediated by
Ca2� influx, principally through NMDA-gated channels
(see e.g., [49–51]). Massive release of glutamate occurs
during ischemia and the consequent excitotoxicity plays
a major role in neuronal death, as shown by the protec-
tive effects of the NMDA antagonist MK-801 (52).

Astrocyte glutamate uptake via the GLAST and
GLT-1 transporters is essential for maintaining extracel-
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Fig. 1. Possible metabolic mechanisms of neuroprotection by acetyl-
L-carnitine (ALCAR). LDH, Lactate dehydrogenase; PDH, pyruvate
dehydrogenase; CAT, carnitine acetyltransferase; PC, pyruvate
carboxylase; CS, citrate synthase; OAA, oxaloacetate; AcCoA, acetyl
coenzyme A.

lular glutamate below neurotoxic levels (53,54). These
transporters operate by exchanging 3 Na� in and 1 K�

out for every glutamate-H� transported. Glutamate
uptake therefore causes membrane depolarization and is
compensated by (or driven by) the ATP-dependent
Na�/K�-ATPase. During cerebral ischemia/reperfusion,
loss of ATP and increased intracellular Na� and extra-
cellular K� would seriously compromise glutamate
uptake (54). In addition, oxidative stress can inhibit
astrocyte glutamate uptake (55,56). Impaired glutamate
transport has indeed been suggested to play a role in neu-
ronal injury following ischemia and hypoxia (57–60).
Antisense knock-down of the glial transporter GLT-1,
but not a neuronal glutamate transporter, increased neu-
ron death following focal cerebral ischemia in the rat
(56,61). This result suggests that astrocytic, not neuronal,
uptake of glutamate is the important modulator of exci-
totoxic ischemic damage.

Astrocytes can also release glutamate. Astrocyte
release of glutamate is known to be important for neuron-
astrocyte signaling (62,63). Two principal mechanisms of
astrocyte glutamate release have been demonstrated. First,
the glutamate transporters can function in reverse. This
abnormal activity may occur during ischemia, in which
cell swelling resulting from excess Na� influx appears to
cause the reversal of a transporter and lead to increased
extracellular glutamate after transient forebrain ischemia
(64,65). Second, astrocytes also exhibit a Ca2�-mediated
release of glutamate via a mechanism involving exocyto-
sis (66,67). Ca2� influx into astrocytes could therefore trig-
ger glutamate release directly, contributing to neuronal
excitotoxicity.

Neuroglial Interactions: Glutathione

The reduced form of glutathione (GSH) is an
important antioxidant in the brain (68,69). This metabo-
lite formed from cysteine acts as a free radical scav-
enger and is important in maintaining other antioxidants
in their reduced, active form. A major change observed
following cerebral ischemia/reperfusion is a loss of GSH
(70). Astrocytes support neuronal GSH levels by sup-
plying glutathione or cysteine-containing precursors
(71,72). Astrocyte levels of GSH are reduced following
prolonged glucose deprivation in vitro (46). GSH in
astrocytes may be critical for limiting nitric oxide tox-
icity in neurons (73). Depletion of astrocyte glutathione
has been correlated with increased neuron death in an
oxidative stress/co-culture system (73). Ischemia-induced
loss of astrocyte glutathione could therefore directly
compromise astrocyte function and cell viability and
indirectly affect neuronal survival.

Neuron/Astrocyte Differences: Energy Metabolism

Differences in metabolism between astrocytes and
neurons will affect their responses to ischemia. Astro-
cytes are the principal repositories of glycogen in the
brain (74), whereas neurons have very little glycogen;
thus, neurons and astrocytes may respond differently to
ischemic glucose deprivation. In a study of in vitro
hypoxia, an increase in glycolysis and glycogenolysis
was critical for astrocyte survival (75). Glucose is
metabolized to pyruvate and then either by LDH to lac-
tate, or via PDH to acetylCoA (Fig. 1). PDH activity is
inhibited after ischemia/reperfusion; possibly leading to
decreased ATP production and increased lactate gener-
ation and tissue acidosis. One therapeutic intervention
based on overcoming the postischemic PDH metabolic
roadblock is intravenous acetyl-L-carnitine (ALCAR).
ALCAR reduced neurological morbidity and mortality
in a clinically relevant canine cardiac arrest and resusci-
tation model (76,77) and in rat permanent focal cerebral
ischemia (78). Improvement in neurological outcome
was associated with a reduction in postischemic brain
lactate levels and markers of oxidative stress (76,77,79).
The most likely mechanisms of action of ALCAR
involve the intramitochondrial transfer of the acetyl moi-
ety to coenzyme A forming acetylCoA. (80), a primary
source of fuel for oxidative metabolism, thus bypassing
the metabolic roadblock caused by ischemia-induced
decreases in PDH immunoreactivity and enzyme activ-
ity (79). By stimulating aerobic metabolism, ALCAR
limits the need for continuously high levels of glycolysis
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Fig. 2. Potential effects of astrocyte mitochondrial permeability
transition on astrocyte and neuronal metabolism. Activation of the
permeability transition pore (PTP) by Ca2� and/or oxidative stress in
astrocyte mitochondria may cause respiratory uncoupling, osmotic
swelling, loss of cytochrome c, and stimulation of mitochondrial
production of reactive oxygen species (ROS). Uncoupling can increase
the oxidative metabolism of pyruvate, lowering astrocyte lactate
production, which is an important source of energy for neighboring
neurons, particularly following cerebral ischemia. Astrocyte ROS
production can also affect nearby neurons by many mechanisms,
including those that activate the mitochondrial pathway toward
apoptosis.

and thereby reduces excessive tissue lactate production
and acidosis. Astrocytes carry out most of the glycoly-
sis in the brain; therefore this effect of ALCAR would
be larger in astrocytes than in neurons. Effective uti-
lization of acetylCoA generated from ALCAR requires
the presence of oxaloacetate as cosubstrate for the cit-
rate synthase reaction. Compared to neurons, the postis-
chemic levels of oxaloacetate in astrocyte mitochondria
should be high because of the relatively greater activity
of mitochondrial pyruvate carboxylase in astrocytes
(81). Thus the neuroprotective effects of ALCAR in vivo
may be at least partially mediated by astrocyte mito-
chondrial metabolism.

Neuron/Astrocyte Differences: Mitochondrial
Permeability Transition

Studies performed with isolated mitochondria, par-
ticularly from liver and heart, revealed that when mito-
chondria accumulate excessive Ca2� or when they are
exposed to oxidative stress, both of which occur in
ischemia, a large conductance pore in the inner mito-
chondrial membrane is opened. This mitochondrial per-
meability transition (MPT) pore leads to collapse of the
mitochondrial membrane potential and dissipation of
proton and ion gradients. One consequence is osmotic
swelling of the matrix, which leads to rupture of the
outer membrane and release of intermembrane contents,
such as cytochrome c (82–84), with uncoupling of
oxidative phosphorylation and cessation of mitochondr-
ial ATP synthesis. The MPT pore is a high-conductance
mitochondrial inner membrane channel. Multiple effectors
regulate pore opening and closing (84–87). Pore opening
is favored by high intramitochondrial Ca2� concentrations,
by oxidizing agents and by high levels of inorganic phos-
phate (Pi). The MPT is inhibited by cyclosporin A (CsA),
most likely via binding to cyclophilin D, an endogenous
MPT modulator, and by magnesium ions, ADP, and ATP.

MPT pore regulation in complex, and one cannot
readily predict when and under what conditions the MPT
is induced in intact tissue. Recent studies with mito-
chondria isolated from brain suggest that, unlike mito-
chondria in heart and liver, brain mitochondria exhibit
clear heterogeneity in their response to calcium-induced
MPT, with CsA unable to completely inhibit the per-
meability transition (88–90). This result may reflect the
presence in the preparation of mitochondria from neu-
rons and astrocytes, because our data from studies of
mitochondria in permeabilized cells indicate that CsA
can protect mitochondria in astrocytes, but not neurons,
from Ca2� insult (91). Encephalopathic levels of ammo-

nia are also capable of inducing a CsA-sensitive MPT
in intact, cultured astrocytes (92). CsA administered
in vivo can protect against both mitochondrial dysfunc-
tion and cell death following cerebral ischemia (93–96);
thus it is possible that astrocyte mitochondria may be the
primary target of CsA.

Activation of a CsA-sensitive MPT in astrocytes
during cerebral ischemia/reperfusion would affect astro-
cytes and astrocyte–neuronal interactions in several
ways (Fig. 2). Depending on the extent of MPT activa-
tion, its impairment of aerobic energy production could
either limit specific energy-requiring activities (e.g., glu-
tamate uptake) or lead to total metabolic failure, ionic
dyshomeostasis, and neurotic cell death. Moreover,
MPT uncoupling of respiration from ATP synthesis can
result in elevated, albeit inefficient, metabolism that
could shift the flux of glycolytic carbon to the TCA
cycle. Because neurons utilize astrocyte-generated
lactate as a significant source of energy, particularly
following an ischemic episode (97), MPT-mediated
uncoupling could reduce this metabolic trafficking
between astrocytes and neurons. Alternatively, when the
MPT causes mitochondrial osmotic swelling sufficient
to disrupt the outer membrane, intermembrane proteins,
including cytochrome c, are released into the cytosol.
Loss of cytochrome c can dramatically inhibit even
uncoupled respiration (26), and this could cause a shift
in metabolism from aerobic to anaerobic, with an in-
crease in lactate production and possibly a pathological
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decrease in brain pH. Such inhibition of respiration can
also promote ROS generation at early steps in the elec-
tron transport chain (ETC) (e.g., complex I [98]). Astro-
cyte-generated diffusible ROS can adversely affect
nearby neurons and deplete astrocytes of their glu-
tathione, and therefore of antioxidant defenses they
share with their neuronal partners. Finally, mitochondr-
ial release of cytochrome c can activate the caspase
cascade of events that lead to apoptosis, known to con-
tribute to glial cell death following cerebral ischemia.

The MPT is not the only, or even necessarily the
most active, mechanism responsible for release of cyto-
chrome c in cell death paradigms, including ischemia/
reperfusion. An alternative mechanism involves the
translocation of the proapoptotic Bcl-2 family member
Bax to the mitochondria and the disruption of the outer
mitochondrial membrane protein permeability barrier as
a result of Bax oligomerization and pore formation (99).
Several intra- and extracellular signals can trigger either
an increase in Bax gene expression or its translocation
from the cytosol to mitochondria. As oxidative stress is
one of the more effective of these triggers (100), astro-
cyte ROS production is likely involved in Bax-mediated
apoptosis of both astrocytes and neurons. Mitochondrial
Bax translocation is associated with cytochrome c release
in rat models of transient focal ischemia (19,101). The
relative Bax and cytochrome c redistribution in neurons
and astrocytes has not, however, been investigated. In
addition, the contribution of the Bax and MPT mechani-
sms of cytochrome c release and other forms of mito-
chondrial dysfunction are unknown. Such information
will prove useful in neuroprotective drug development
targeting potentially cell-selective mitochondrial mecha-
nisms of brain injury.

CONCLUSION

The study of cell death following cerebral ischemia
has focused primarily on neurons. However, recent
work, both in vivo and in vitro, indicates that ischemia
also causes damage to astrocytes. Mitochondria are cen-
tral mediators of both necrosis and apoptosis and are the
primary targets of neuronal excitotoxicity. In contrast,
relatively little is known regarding the involvement of
mitochondrial dysfunction in ischemic or hypoxic astro-
cyte injury. Studies of isolated brain mitochondria
following cerebral ischemia typically use preparations
containing mitochondria from both neurons and glia and
have not provided information on mitochondrial injury
within specific cell types. Differences in energy metab-
olism and mitochondrial function exist between astro-

cytes and neurons that affect their responses to ischemia/
reperfusion and possibly also to therapeutic interven-
tions that target metabolic failure (e.g., ALCAR, or
apoptosis, CsA).
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