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Abstract

Acute ischemic and brain injury is triggered by excitotoxic elevation of intraneuronal Ca2+ followed by reoxygenation-dependent
oxidative stress, metabolic failure, and cell death. Studies performed in vitro with neurons exposed to excitotoxic concentrations of
glutamate demonstrate an initial rise in cytosolic [Ca2+], followed by a reduction to a normal, albeit slightly elevated concentration. This
reduction in cytosolic [Ca2+] is due partially to active, respiration-dependent mitochondrial Ca2+ sequestration. Within minutes to an hour
following the initial Ca2+ transient, most neurons undergo delayed Ca2+ deregulation characterized by a dramatic rise in cytosolic Ca2+.
This prelethal secondary rise in Ca2+ is due to influx across the plasma membrane but is dependent on the initial mitochondrial Ca2+
uptake and associated oxidative stress. Mitochondrial Ca2+ uptake can stimulate the net production of reactive oxygen species (ROS)
through activation of the membrane permeability transition, release of cytochromec, respiratory inhibition, release of pyridine nucleotides,
and loss of intramitochondrial glutathione necessary for detoxification of peroxides. Targets of mitochondrially derived ROS may include
plasma membrane Ca2+ channels that mediate excitotoxic delayed Ca2+ deregulation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Calcium induced mitochondrial dysfunction in acute
brain injury

Mitochondrial dysfunction contributes to the etiology of
delayed death of neurons, oligodendrocytes, and astrocytes
following cerebral ischemia, hypoxia, and trauma[1–3,4].
One of the key events that causes mitochondrial injury is an
abnormal increase in intracellular Ca2+ [5–7]. Thus, tran-
sient ischemia is accompanied by a gradual rise in [Ca2+]i
[8], by calcium sequestration in mitochondria[9,10], and by
mitochondrial bioenergetic dysfunction[11]. Pharmacologic
agents that inhibit cellular Ca2+ influx protect mitochon-
dria against ischemic injury[12–14]. The mechanisms of
Ca2+-mediated mitochondrial damage fall into two classes.
The first involves activation of degradative enzymes, e.g.,
calpain proteases and phospholipases, or enzymes that gen-
erate reactive oxygen species (ROS) capable of oxidatively
modifying mitochondrial proteins and lipids[15–19]. The
second class involves the activation of the mitochondrial per-
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meability transition (MPT) where a non-selective, large con-
ductance pore within the inner membrane opens, resulting in
uncoupling of oxidative phosphorylation, osmotic swelling,
release of matrix metabolites, and even physical rupture of
the mitochondrial outer membrane[4,20,21].

These direct and indirect effects of Ca2+ on mitochondrial
structure and function can lead to either necrotic or apop-
totic cell death (Fig. 1). While it is clear that both forms of
death contribute to hypoxic, ischemic, and traumatic brain
injury, the relative contribution of each form varies substan-
tially with the experimental model, brain cell type, and age
of the experimental animal[22–26]. The most important in-
formation obtained from studies on the molecular biology
of apoptosis is the identity of numerous gene products that
have a profound impact on the death or survival of brain
cells in vivo, irrespective of how cell death is classified. This
knowledge led to the development of neuroprotective inter-
ventions targeting specific enzymes, e.g., caspases[27,28],
or processes, e.g., the MPT[29–33]. In addition, investi-
gators are attempting to use anti-death gene products, e.g.,
Bcl-2 and Bcl-Xl , as neuroprotective drugs through gener-
ation of protein constructs containing “protein transduction
domains” that allow these proteins to cross cell membranes
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Fig. 1. Mitochondrial mechanisms of neural cell death following cerebral
hypoxia, ischemia, and head trauma. Excitotoxic levels of intracellular
Ca2+ accumulate within mitochondria causing metabolic failure, oxidative
stress, and ultimately, both necrotic and apoptotic cell death. Proteina-
ceous signals, e.g., Bax, in addition to Ca2+, trigger release of proteins,
e.g., cytochromec, from mitochondria. Once present in the cytosol, mito-
chondrial pro-apoptotic proteins activate the caspase cascade or proceed
directly to the nucleus, leading to apoptosis. Moreover, loss of mitochon-
drial cytochrome also contributes to impaired aerobic energy metabolism
and stimulates mitochondrial ROS generation, contributing to oxidative
stress. Mitochondrial Ca2+ overload together with oxidative stress result
in a failure of neurons to maintain normal cytosolic Ca2+ following ex-
citotoxic stimulation.

[34–37]. Bcl-2 “therapy” could be particularly effective as it
exhibits at least two modes of action at the mitochondrion.
Bcl-2 binds to pro-apoptotic proteins, e.g., Bax, prevent-
ing their oligomerization and pore formation in the outer
membrane that allow cytochromec and other pro-apoptotic
proteins from escaping to the cytosol where they activate
the caspase protease cascade[38]. Bcl-2 also inhibits the
MPT via increasing mitochondrial redox capacity and resis-
tance to MPT pore opening caused by Ca2+ and oxidative
stress[39]. This effect can potentially protect against either
necrotic or apoptotic cell death.

The deleterious effects of Ca2+ on mitochondrial bioen-
ergetic activities are well established, at least in vitro. Re-
cently, attention of investigators is also focused on more
subtle effects of mitochondrial Ca2+ overload on the abil-
ity of neurons to maintain Ca2+ homeostasis and on mito-
chondrial participation in oxidative stress, as covered in the
following sections.

2. Excitotoxicity, mitochondrial Ca2+, and delayed
neuronal Ca2+ deregulation

Excitotoxicity is a process whereby excessive synap-
tic release of glutamate activates postsynaptic glutamate
receptors[40] leading to severe neuronal Ca2+ and Na+
loading [41], culminating in cell death[42]. An important
consequence of excitotoxic stimulation is delayed Ca2+
deregulation (DCD), as originally described by Manev et al.

[43] and further characterized by the groups of Thayer and
coworker[44] and Tymianski et al.[45]. DCD refers to the
latent loss of Ca2+ homeostasis of cultured neurons upon
exposure to glutamate, and precedes neuronal cell death
[45–48]. DCD is closely associated with mitochondrial
dysfunction [49,50]. While glutamate-mediated Ca2+ in-
flux results in mitochondrial Ca2+ uptake and neuronal cell
death, Ca2+ influx by other means, e.g., voltage-dependent
Ca2+ channel activation, is not nearly as toxic[45]. The
linkage of N-methyl-d-aspartate (NMDA) receptor activa-
tion to cell death is associated with the spatial proximity of
mitochondria to the plasma membrane and to NMDA recep-
tors[51,52]. This proximity allows for preferential exposure
of mitochondria to excitatory and excitotoxic Ca2+. Thus,
cytosolic Ca2+ microdomains are particularly important
in glutamate excitotoxicity[53]. In addition to ionotropic
receptor-mediated Ca2+ signals, neurons also release Ca2+
from intracellular stores, and this source of Ca2+ may also
be involved in glutamate excitotoxicity[54,55] (Fig. 2).

The correlation between mitochondrial Ca2+ uptake and
glutamate-induced excitotoxicity is strong. DCD is inhib-
ited when cerebellar granule neurons are treated with mi-
tochondrial poisons that block energy-dependent mitochon-
drial Ca2+ uptake[56]. DCD is associated with MPT in stri-
atal neurons and is inhibited by the mitochondria-specific cy-
clophilin ligandN-methyl-valine-CsA[57]. This study also
demonstrated that DCD is preceded by the CsA-sensitive
loss of mitochondrial Ca2+. When extracellular Ca2+ is re-
placed with Ba2+, which proceeds through the NMDA re-
ceptor but is not sequestered by mitochondria[58,59], ev-
idence of MPT and DCD in hippocampal neurons is lost

Fig. 2. Fluorescent measurements of cytosolic Ca2+ in a cortical neuron
during exposure to excitotoxic glutamate. Primary cultures of rat cortical
neurons were loaded with Fura 6F, a relatively low sensitivity fluorescent
Ca2+ indicator. Cultures were exposed to 100�M glutamate in the pres-
ence of 10�M glycine. Addition of glutamate was followed by a very
rapid transient rise and fall in [Ca2+]i . Approximately 1600 s later, the
[Ca2+]i spontaneously rose to a supranormal level (>10�M) and did not
return toward a normal level. This secondary irreversible rise in [Ca2+]i

is referred to as delayed Ca2+ deregulation (DCD).
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[60]. Other measures of mitochondrial dysfunction, e.g., loss
of mitochondrial membrane potential (�Ψ ), cytochromec
release into the cytosol, and enhanced ROS production ap-
pear consistently, but to varying degrees in different in vitro
excitotoxicity models[61]. Ca2+-induced cytochromec re-
lease may indeed by responsible for enhanced mitochondrial
ROS production during excitotoxicity[61,62], as explained
in the next section. While release of cytochromec into the
cytosol is a potent trigger of apoptotic cell death[63], ex-
citotoxic cell death is primarily necrotic. Respiratory im-
pairment caused by the loss of cytochromec, a member of
the electron transport chain, could easily result in metabolic
failure and subsequent loss of ionic homeostasis. There is,
however, a lack of correlation between glutamate-induced
neuronal cell death and depletion of ATP[64]. The role of
cytochromec release in glutamate-induced neuronal death
is therefore more likely mediated by downstream effects of
oxidative stress or by other as yet unidentified mechanisms.

Mitochondrial Ca2+ accumulation and ROS generation
each contribute to DCD[56]. However, mitochondrial ROS
generation per se is not sufficient to trigger acute neuronal
degeneration[65], with NMDA activation also being neces-
sary. Neuronal ROS production is stimulated by Ca2+ influx
via NMDA receptor activation but not via voltage-dependent
calcium channels[66]. However, oxidative stress also oc-
curs in response to both AMPA and kainate receptor acti-
vation [67,68], that also elicit DCD. While Ca2+-triggered
mitochondrial ROS production plays an important role in
glutamate-induced DCD and cell death, the molecular links
between these events are at this juncture unknown.

Supporting evidence for the participation of mitochondrial
Ca2+ uptake in glutamate excitotoxicity comes from the ob-
servation that exposure of cerebellar granule neurons to high
levels of glutamate causes major ultrastructural alterations of
mitochondria, suggesting the activation of some form of per-
meability transition pore[69]. While the PTP is apparently
involved in DCD, it is unclear whether it is the cause or result
of DCD. One possible mechanism by which activation could
trigger DCD is through stimulation of mitochondrial ROS
production[50]. Recently, Ca2+-permeable plasma mem-
brane cation channels were identified that are activated by
oxidative stress[70–72]. These channels are all members of
the transient receptor potential (TRP) family[73–75], which
is prominently expressed in nervous tissue[74,76,77]. We
hypothesize that these one or more subsets of these chan-
nels are activated as a consequence of Ca2+-stimulated mito-
chondrial ROS production and that they are largely respon-
sible for the delayed Ca2+ and Na+ influx characteristic of
DCD that irreversibly commits neurons to die.

3. Influence of Ca2+ on mitochondrial ROS production
and the potential relationship to hypoxic brain injury

A compelling body of evidence indicates that oxidative
stress caused by reactive oxygen species (ROS) is intimately

involved in pathways leading to tissue damage induced by
ischemia and reperfusion[49,78–83]. ROS are generated in
large amounts during reperfusion;[49,81–83]mitochondria
are thought to produce most of ROS, however, the mecha-
nisms and regulation of mitochondrial ROS are not well un-
derstood. Numerous reports imply that massive mitochon-
drial Ca2+ accumulation promotes ROS generation during
ischemia/reperfusion and during excitotoxicity[49,83–88].
The mechanism by which such Ca2+ sequestration can pro-
mote mitochondrial ROS production is, however, obscure.
In this section we summarize what is known about mito-
chondrial ROS production in the context and in relation to
the known consequences of massive Ca2+ accumulation in
mitochondria.

4. Effects of mitochondrial Ca2+ accumulation on ROS
production at Complex III of the electron transport
chain

The primary ROS produced by mitochondria is super-
oxide [89]. This highly reactive free radical is extremely
short-lived[90,91–94]and dismutates either spontaneously
or with the help of the mitochondrial superoxide dismutase
forming the more ROS, H2O2 [95]. It is not known what
mitochondrial redox site or sites are responsible for super-
oxide production in vivo. Experiments in vitro demonstrate
that superoxide can be produced in mitochondria at multi-
ple sites that vary in theirVmax for production and in their
mechanisms of regulation.

The most studied site of mitochondrial superoxide gen-
eration is located in the quinol-oxidizing center of Com-
plex III of mitochondrial respiratory chain. Superoxide is
apparently produced in a reaction of O2 with an unstable
semiquinone, which is elevated in the presence of a specific
electron transport inhibitor, antimycin A. In the presence of
antymicin A, Complex III generates substantial superoxide.
However, no superoxide production at this site has ever been
directly demonstrated in the absence of antimycin A or a
similar electron transport chain inhibitor.

While the contribution of Complex III to mitochondrial
ROS production in the absence of respiratory inhibitors
remains unresolved, two known effects of mitochondrial
Ca2+ could conceivably promote ROS production at this
site. When mitochondrial Ca2+ accumulation triggers cy-
tochromec release by MPT-dependent or independent path-
ways, respiration is inhibited and the redox state of redox
sites proximal to cytochromec shift to a maximally reduced
level. Under some circumstances, this release is accompa-
nied by increased mitochondrial ROS production[96]. How-
ever, it is unlikely that Complex III is responsible for this
increase in ROS generation as the partially reduced semi-
ubiquinone would not be formed under these (reviewed in
[97–99]). Another possible mechanism by which Ca2+ could
promote ROS production at Complex III is via stimulation
of respiration. A physiologically relevant increase in ex-
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tramitochondrial Ca2+ stimulates respiration through acti-
vation of both intramitochondrial pyruvate-, isocitrate-, and
�-ketoglutarate dehydrogenases through increased transfer
of electrons to Complex I[100]. Ca2+ may also stimulate
electron flow from Complex III to IV independent of its ef-
fects on matrix dehydrogenases[101]. The mechanism of
Ca2+-induced stimulation of electron flow through Complex
III is not known; therefore, the possibility of an effect of el-
evated Ca2+ on ubisemiquinone in Complex III favoring su-
peroxide production cannot be excluded. Nevertheless, the
available information on the mechanism of electron transfer
in Complex III [102–104]and the mechanism of superoxide
formation at this site[105–107]does not support the hy-
pothesis that Ca2+ fluctuations in or around mitochondria
promote superoxide production at Complex III.

5. Effects of mitochondrial Ca2+ accumulation on ROS
production at Complex I of the electron transport
chain

One or more sites of superoxide production are located in
Complex I of the respiratory chain (reviewed in[97–99]).
The mechanism of ROS generation is not known, primarily
because the mechanism of electron transfer in Complex I is
not yet clear. The ROS production associated with the phys-
iological electron flow from NADH of the mitochondrial
matrix to coenzyme Q in the inner mitochondrial membrane
requires the presence of NAD-linked respiratory substrates,
e.g., pyruvate, glutamate,�-ketoglutarate, and malate. Re-
cently, it was demonstrated that ROS production supported
by oxidation of NAD-reducing substrates is stimulated by
both high membrane potential (�Ψ ) [108] and the reduced
redox state of intramitochondrial NAD(P)H[108,109]. Be-
cause of these relationships, ROS production is stimulated
three to four folds by the transition from phosphorylating
respiration (State 3) to a resting state (State 4), this tran-
sition results in an increase in both�Ψ and the level of
reduced NAD(P)H. An even greater, 10-fold stimulation of
ROS production is observed when the Complex I inhibitor
rotenone is added to mitochondria during State 3 respiration.
Remarkably, the stimulation of ROS production by rotenone
is species and tissue-dependent. For example, rotenone stim-
ulates ROS generation in guinea pig submitochondrial par-
ticles (SMP), has no effect on horse heart SMP[110], and
even inhibits ROS production by mouse kidney mitochon-
dria [111]. Importantly, ROS production in the presence of
NAD-linked substrates is also stimulated by inhibiting the
respiratory chain at any level downstream of Complex I, as
this increases the level of reduced NAD(P)H. As the inter-
ruption in electron transport by release of cytochromec also
causes reduction in NAD(P)H, this is a plausible explana-
tion for the increase in ROS production we and others ob-
served after removal of the outer membrane or outer mem-
brane pore formation by the addition of Bax[96,108]. While
supraphysiological mitochondrial Ca2+ uptake can also in-

duce the release of cytochromec, Ca2+ uptake exerts other
effects on mitochondrial bioenergetics that oppose ROS for-
mation. Massive Ca2+ uptake typically results in mitochon-
drial membrane depolarization and oxidation of NAD(P)H.
These effects may indeed explain the inhibition of ROS pro-
duction that we recently reported for brain mitochondria in
the presence of NAD-linked oxidizable substrates and in the
absence of respiratory chain inhibitors[96].

Another set of conditions that promote ROS production
at Complex I are those that promote reverse electron trans-
port from ubiquinone to Complex I. Energetically, this re-
versal of the normal flow of electrons requires a highly re-
duced redox state of ubiquinone and a high�Ψ . The source
of reducing power is from FADH2-dependent substrates,
e.g., succinate or�-glycerophosphate. Although the phys-
iological concentration of succinate in tissues is very low
(0.2–0.4 mM), it rises substantially during ischemia or hy-
poxia (up to 4–7 mM)[112,113]. It is therefore possible
that during early reoxygenation, the oxidation of accumu-
lated succinate generates the high�Ψ and reducing power
necessary for reversal of electron transfer and ROS produc-
tion at Complex I. Stimulation of ROS generation via re-
versed electron transport by mitochondrial uptake of Ca2+
is, however, unlikely. The electrophoretic transport of Ca2+
into the mitochondrial matrix lowers�Ψ , and once accu-
mulated, Ca2+ decreases�Ψ through activation of the PTP
or other mechanisms. A decrease in�Ψ by merely∼10%
inhibits succinate-supported ROS production in rat heart mi-
tochondria by at least∼90% [114]. Almost complete in-
hibition of succinate-dependent ROS production by Ca2+
uptake in brain mitochondria was also demonstrated[96].
Thus, while reverse electron transport through Complex I is
a viable mechanism for a burst of ROS production during
reoxygenation and reperfusion, this mechanism is unlikely
to be stimulated by high intracellular Ca2+.

6. Stimulation of ROS production by Ca2+-activated
mitochondrial permeability transition

Activation of the mitochondrial permeability transition
pore (PTP) is the most frequently observed consequences of
extensive Ca2+ accumulation by mitochondria from various
tissues. The PTP is thought to be a large channel in the inner
mitochondrial membrane which is normally closed and can
be opened by Ca2+ overloading and other factors including
oxidative stress. The following are characteristics of the PTP
observed in mammalian mitochondria:

(1) Permeability to solutes with molecular weight<1500
[115].

(2) Reversibility, at least in vitro under some conditions
[116,117].

(3) Large-amplitude mitochondrial swelling associated with
a decrease in membrane potential and loss of matrix
solutes[118–120].
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(4) Sensitivity to inhibition by cyclosporine A[116,121]
and bongkrekic acid[116], however[122] sensitivity to
cyclosporine A depends on levels of Ca2+ and physi-
ological factors that suppress the PTP, e.g., Mg2+ and
adenine nucleotides[123–125].

(5) PTP[126–129]opening is substantially enhanced by the
presence of ROS, products of ROS reactions, and other
pro-oxidants[39,118,130].

(6) The extent to which mitochondria swell in response to
accumulation of Ca2+ varies considerably with experi-
mental conditions and with tissue type[29,131,132].

(7) Release of cytochromec typically accompanies the
osmotic swelling and rupture of the outer membrane
evoked by the PTP[116,118,133].

(8) Loss of mitochondrial matrix pyridine nucleotides is an-
other measure of the PTP[119], distinguishing it from
a mechanism of depolarization mediated by activation
of a “low conductance” pore[134].

Several reports demonstrate that opening of PTP corre-
lates with an increase in ROS production by isolated mito-
chondria[88,135], and in cells[136]. However, the mecha-
nism by which PTP opening causes mitochondrial ROS pro-
duction is unknown. PTP opening actually uncouples mito-
chondria, thereby causing a drop in�Ψ and a net oxidation
in the pyridine nucleotide redox state. However, inhibition of
electron transport at any point distal to the sites of ROS pro-
duction will overcome the effects of pore opening, resulting
in a net reduced shift in NAD(P)H redox state as well as the
redox state of sites of ROS production, e.g., that present in
Complex I. One way that PTP opening can cause such respi-
ratory inhibition and reduced shift in redox state is through
osmotic swelling, rupture of the outer membrane, and loss
of cytochromec. PTP opening may also cause respiratory
inhibition by release of matrix NAD(P)H as these molecules
mediate the transfer of electrons from several steps in the
TCA cycle to Complex I of the electron transport chain.
While it loss of pyridine nucleotides should inhibit the pro-
duction of ROS at Complex I or other distal sites, it would
cause a net reduction in redox sites present in TCA cycle
dehydrogenases. The significance of this effect relates to
our recent observations that both�-ketoglutarate and pyru-
vate dehydrogenases are significant sites of ROS produc-
tion, particularly in the presence of high levels of reduced
substrates, e.g.,�-ketoglutarate, and low levels of electron
acceptors, i.e., NAD+ [137]. Thus, while loss of mitochon-
drial NAD(P)H inhibits ROS production by components of
the electron transport chain, it may promote ROS production
by mitochondrial matrix dehydrogenases. The “steady-state”
production of ROS will also be enhanced in permeabilized
mitochondria because of the loss of glutathione from the
matrix space, as it was demonstrated in mitochondria from
reperfused brain[138]. Reduced glutathione is a substrate
for mitochondrial matrix glutathione peroxidase, an antiox-
idant enzyme that detoxifies H2O2 and other peroxides.
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