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Abstract
Cerebral hypoxia/ischemia leads to mitochondrial dysfunction due to lack of oxygen leaving the glycolytic metabolism as a main
pathway for ATP production. Inhibition of mitochondrial respiration thus triggers generation of lactate and hydrogen ions (H+ ), and
furthermore dramatically reduces ATP generation leading to disregulation of cellular ion metabolism with subsequent intracellular calcium
accumulation. Upon reperfusion, when mitochondrial dysfunction is (at least partially) reversed by restoring cerebral oxygen supply,
bioenergetic metabolism recovers and brain cells are able to re-institute their normal ionic homeostatic mechanisms. However, the initial
restoration of normal mitochondrial function may be only transient and followed by a secondary, delayed perturbation of mitochondrial
respiratory performance seen as a decrease in cellular ATP levels and known as “secondary energy failure”. There have been several
mechanisms considered responsible for delayed post-ischemic mitochondrial failure, the mitochondrial permeability transition (MPT)
being one that is considered important. Although the amount of calcium available during early reperfusion in vivo is limited, relative
to the amount needed to trigger the MPT in vitro; the additional intracellular conditions (of acidosis, high phosphate, and low adenine
nucleotideae levels) prevailing during reperfusion, favor MPT pore opening in vivo. Furthermore, the cellular redistribution and/or changes
in the intracellular levels of pro-apoptotic proteins can alter mitochondrial function and initiate apoptotic cell death. Thus, mitochondria
seem play an important role in orchestrating cell death mechanisms following hypoxia/ischemia. However, it is still not clear which are the
key mechanisms that cause mitochondrial dysfunction and lead ultimately to cell death, and which have more secondary nature to brain
damage acting as aggravating factors.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
All cellular functions are either directly or indirectly dependent on cellular energy supplies. In order to preserve normal cellular function, mammalian cells require a constant
supply of oxygen and substrates such as glucose to maintain adequate energy production. The brain in particular has
low levels of storage forms of carbohydrates (in the form of
glycogen), and is highly dependent on oxidative metabolism,
since it represents only about 2% of total body weight and yet
accounts for about 20% of total oxygen consumption (for review, see [1]). When the cellular oxygen supply is reduced to
critical levels, as occurs in severe hypoxia or ischemia, damage to brain cells can occur. In this review, we will discuss
the factors influencing hypoxia/ischemia-induced changes
∗ Tel.:

+1-410-706-3418; fax: +1-410-706-2550.
E-mail address: tkristian@anesthlab.umm.edu (T. Kristián).

0143-4160/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ceca.2004.02.016

in cerebral energy metabolism, and in particular the mechanisms altering mitochondrial function and their role in brain
cell death. Before we consider detailed recent mechanistic
information, and in view of its central role in the processes
described above, we would like briefly review some basic
information concerning cerebral energy metabolism under
both physiological and pathophysiological conditions.

2. Major pathways of glucose metabolism yielding to
ATP generation
Chemical free energy stored in the brain is mainly in
the form of high-energy phosphate compounds, particularly
adenosine-5 -triphosphate (ATP), which is made most notably under normoxic conditions, by the combined biochemical pathways of glycolysis and oxidative phosphorylation.
In glycolysis, one molecule of glucose is anaerobically
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Fig. 1. Schematic diagram of basic pathways of glucose metabolism under normal physiological (A) and hypoxic/ischemic conditions (B). Glycolytic
degradation of glucose generates pyruvate, which is under anaerobic conditions further converted to lactate by lactate dehydrogenase (LDH). During
this process 2 mol of ATP are produced from one mol of glucose. In the presence of oxygen glucose is oxidized completely to CO2 and H2 O. During
this process pyruvate is transported into mitochondria where it is further processed to acetyl-CoA by pyruvate dehydrogenase (PDH) and NADH is
produced. Acetyl-CoA then enters the tricarboxylic acid cycle (TCA). Isocitrate dehydrogenase (IDH), ␣-ketoglutarate dehydrogenase (␣-KDH), malate
dehydrogenase (MDH) within the TCA also generate NADH, and succinate dehydrogenase (SDH) generates FADH2 . Both NADH and FADH2 serve as
electron donors to respiratory complexes (RC) in mitochondria. Energy released during electron transport (dashed arrow) within the respiratory chain
is utilized to generate ATP (oxidative phosphorylation). The electron flow in RC can continue only in the presence of oxygen since oxygen serves as
final electron acceptor in this process. Under conditions of hypoxia/ischemia (B) the tissue oxygen tension is dramatically reduced causing arrest of
mitochondrial respiration and ATP production by oxidative phosphorylation. This will stimulate glycolysis with increased lactate production. The thickness
of the arrows represents the volume of metabolite fluxes.

converted to two molecules of pyruvate (Fig. 1). Under
anoxic conditions pyruvate is further converted to lactate
by lactate dehydrogenase (LDH).
Oxidative phosphorylation requires oxygen although
more energy is released as glucose is oxidized completely
to CO2 and H2 O. During this process 36 mol of ATP are
produced per one mole of glucose. Oxidative phosphorylation takes place in mitochondria where acetyl-CoA (derived
from the oxidation of pyruvate) enters the tricarboxylic acid
cycle (TCA) (Fig. 1).

Reducing equivalents in the form of NADH (produced
by pyruvate dehydrogenase, isocitrate dehydrogenase,
␣-ketoglutarate dehydrogenase and malate dehydrogenase)
and FADH2 generated by succinate dehydrogenase serve
as electron donors to respiratory complexes I and II, respectively, in mitochondria (Fig. 2). The ensuing process of
electron transport within the respiratory chain to molecular
oxygen proceeds with a very large decrease in free energy,
much of which is used to generate an electrochemical gradient of hydrogen ions (H+ ) across the inner mitochondrial
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Fig. 2. Schematic diagram of mitochondrial respiration. NADH and FADH2 produced within the TCA cycle donate electrons to complex I and complex
II, respectively. Decline in free energy during the electron flow within the respiratory chain complexes generates an electrochemical gradient of hydrogen
ions (H+ ) across the inner mitochondrial membrane. The energy from backflow of H+ ions through complex V is used to generate ATP from ADP and
inorganic phosphate (Pi ). Abbreviations: Q, ubiquinone; C, cytochrome c. Dashed arrows represent electron flow.

membrane and an electric potential, the inside of the mitochondria being negative. The energy stored in the electrochemical gradient of H+ is utilized for phosphorylation
of ADP to yield ATP, in the process of oxidative phosphorylation. Under normal conditions 95% of carbohydrates
that enter the brain are utilized ultimately by mitochondria,
and more than 95% of ATP is generated by mitochondrial
oxidative phosphorylation (for review, see [2]).

3. Changes in bioenergetic and calcium metabolisms
induced by hypoxia/ischemia
Hypoxia/ischemia interferes with the oxidation of pyruvate (and other substrates) in mitochondria. Thus, decreases
in tissue PO2 leads to mitochondrial dysfunction. As a result ATP production by mitochondria is severely reduced or
arrested and most of the ATP is generated only by the glycolytic pathway with the end product of lactate plus H+ .
However, it must be emphasized, that H+ are produced by
a variety of metabolic reactions, including glycolytic ones.
A prime example is the ATPase reaction, which proceeds
with the production of H+ thus:
ATP + H2 O → ADP + Pi + nH+

(1)

where n varies with pH and with the Mg2+ concentration. It
has been demonstrated that H+ is not produced with lactate
by lactate dehydrogenase reaction since this reaction:
Pyruvate + NADH + H+ → Lactate + NAD+

(2)

consumes H+ . However, if 1 mol of glucose is metabolized
to 2 mol of lactate, and if the two ATPs, formed in this
process, are again hydrolyzed to ADP and Pi , 2 mol of H+
will always be released.
Apart from glycolysis, during the first minutes after oxidative phosphorylation is discontinued the brain has two other
mechanisms that help maintain cellular ATP levels. The first
is the reaction catalyzed by the enzyme creatine kinase.
Creatine kinase catalyzes a reversible transfer of phosphate between phosphocreatine (PCr) and ATP thus:
PCr + ADP + H+ ↔ ATP + Cr

(3)

The creatine kinase equilibrium favors ATP formation,
thus any ADP formed will be converted back to ATP by
translocation of phosphate from PCr to ADP. Therefore, during cerebral ischemia, only after PCr levels are decreased the
ADP and AMP concentrations rise significantly due to ATP
hydrolysis [3–6]. For example, in the adult rat, after 30 s of
complete ischemia, brain PCr levels decrease to about 30%
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3.1. Metabolic stages and ions homeostasis

Fig. 3. Changes in PCr and ATP levels as % of control during the first
2 min of ischemia. Data were taken from [6].

of their pre-ischemic values while ATP levels are reduced
only by 10% ([5,6]; see Fig. 3).
The other mechanism that helps to uphold brain ATP levels is reaction catalyzed by the enzyme adenylate kinase
thus:
ADP + ADP ↔ ATP + AMP

(4)

This process is readily reversible and is clearly observed
under conditions of rapid ATP breakdown, as for example in ischemia, where AMP concentrations rise to higher
levels than ADP. Thus during the first minute of energy
failure due to hypoxia/ischemia there is a rapid decrease
in PCr and ATP levels with rises in ADP, AMP, inorganic
phosphate (Pi ) and lactate concentrations and accompanying
acidosis.
The glycolytic production of ATP under these conditions
is regulated by several parameters. The main regulatory
step in glycolysis is activation/inhibition of the enzyme
phosphofructokinase (PFK), which catalyzes the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate
[7,8]. The enzyme is inhibited by ATP, PCr and citrate,
and activated by ADP, Pi , AMP, and cAMP. Under normal physiological conditions this enzyme is inhibited by
low pH [9]. However, a small decrease in cellular energy state releases PFK inhibition by hydrogen ions. After the onset of ischemia PFK activity increases greatly,
due to a small decrease in cytosolic ATP levels and the
subsequent increase ADP, AMP, and Pi concentrations
[9].

In the brain, the majority of ATP is utilized to maintain
the ion gradients across plasma membranes [2]. While the
intracellular levels of K+ (K+
i ) are about 30-fold higher than
extracellular (K+
),
the
intracellular
concentrations of Na+ ,
e
+
−
−
Cl (Nai , Cli ) are about seven-fold, and Ca2+ (Ca2+
i )
10,000-fold lower than in the extracellular fluids (for review, see [10]). Therefore, an arrest of ATP production by
mitochondria will compromise the mechanisms maintaining
these gradients and lead to massive downhill ionic fluxes
(for reviews, see [10–13]), and ion homeostasis is lost, even
though carbohydrate substrates may still be available. This
is because glycolysis only yields 2 mol of ATP per mole of
glucose metabolized as opposed to 36 mol of ATP generated when both glycolysis and oxidative phosphoylation are
fully functional (see above). Measurements of metabolites
made from tissue rapidly frozen during cerebral ischemia
have shown that high energy phosphate turnover during the
first 10 s of ischemia is not significantly different from that
during normoxia, but that this is followed by a period with
lesser energy flux [14,15]. Thus, energy failure due to ischemia ultimately leads to dissipation of cellular ionic gradients [12,16,17].
The interval between the onset of ischemia and complete
cellular depolarization is called the anoxic depolarization
(AD) time. As mentioned above ischemia activates glycolysis, with production of lactate and H+ , causing a gradual
decrease in both extra-cellular and intracellular pH (pHi and
pHe , respectively) [18–21]. The amount of lactate produced
corresponds to the pre-ischemic tissue stores of glucose and
glycogen, the former varying with plasma glucose concentration [22]. The pHe starts to decrease immediately after
onset of ischemia, and in normoglycemic animals the initial
shift (about 0.4 pH units) is succeeded by an alkaline transient, which coincides with the AD (for review, see [23]).
Following the AD the pHe declines further to approximately
pH 6.6 (see [24]). However, in hyperglycemic animals the
ischemia-induced pH changes are even greater [19]. Apart
from causing more marked changes in pHe hyperglycemia
also prolongs the AD time [17,25,26]. This is because the
high tissue glucose concentrations can provide a substrate
for glycolysis and allow production of ATP for longer periods to fuel membrane pumps in the absence of blood flow.
Furthermore, acidosis generally inhibits ion fluxes through
cellular membrane channels [27] thereby reducing the energy requirement for maintaining ion gradients across the
plasma membrane. As expected, by reducing plasma glucose
levels to about 2 mM the AD time is shortened [28]. Interestingly, excessive hypercapnia induced in normoglycemic
animals before the ischemic insult also prolongs the AD
time [17,29]. This would suggest that intra-ischemic acidosis has a major role in altering the time between the onset of
ischemia and AD since the plasma glucose levels were not
elevated in hypercapnic subjects. However, animals with superimposed hypercapnia (when the pHe is already reduced
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to 6.5) that are also subjected to ischemia undergo a further decrease in pHe during ischemia to about pH 6.3 [29].
Therefore the aggravated acidosis at the onset of the ischemic insult is probably dramatically reducing the energy
demand for ion transports in hypercapnic animals and leads
to prolonged AD time when compared to normoglycemic
normocapnic ones.
3.2. Calcium fluxes during anoxic depolarization
During anoxic depolarization cells take up more than
90% of the calcium from extracellular fluids [17,30]. The
pre-ischemic level of Ca2+
e is 1.2 mM and is reduced after
anoxic depolarization to approximately 0.1 mM. In addition,
the extracellular fluid space decreases to approximately 50%
of control. Very likely, calcium influx into cells occurs by
multiple pathways with the NMDA receptor-gated channels
playing a dominant role. The second pathway for calcium
entry into the cells is the reversal of the Na+ /Ca2+ exchanger
since blockers of voltage-sensitive calcium channels seem
to have little effect on ischemic calcium fluxes [31]. The
Na+ /Ca2+ exchanger is an electrogenic pump working with
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a reported stoichiometry of 3Na+ that are moved inwards
for each calcium transported outwards (for review, see [32]).
The source of energy for the Na+ -coupled Ca2+ movement
is the electrochemical Na+ gradient. At the time of anoxic
depolarization the sodium gradient collapses and the electrochemical gradient of the calcium ions reverses the pump
causing massive loading of cells with calcium [33]. The
contribution of the Na+ /Ca2+ exchanger to ischemic tissue injury was observed particularly in white matter where
MK-801 (a noncompetitive NMDA receptor antagonist), did
not prevent glutamate-induced damage [34,35].
3.3. Effect of pH on calcium fluxes related to AD
Apart from the effect on AD time, tissue glucose levels
also affect the calcium fluxes during ischemia. When ischemia is induced at increased plasma glucose concentrations, the rate of fall in Ca2+
e is reduced. In hyperglycemic
subjects cellular Ca2+ uptake occurs in two phases, the initial phase represents a decrease in Ca2+
e from normal 1.2
to ∼0.4 mM followed by secondary phase which is characterized by a very gradual influx of calcium (see Fig. 4).

Fig. 4. Changes in extracellular calcium concentration (Ca2+
e ) in the rat cortex in complete ischemia during control (normoglycemic and normocapnic)
conditions, in conditions of exaggerated acidosis (hyperglycemia and hypercapnia), and in animals given MK-801. Data were taken from [17].
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The initial rate of Ca2+
e decrease is directly proportional to
tissue glucose concentrations. Since a comparable delay in
calcium influx is observed when tissue pH during ischemia
is additionally reduced, not by pre-ischemic hyperglycemia,
but by excessive hypercapnia, and since a similar delay is
seen when normoglycemic, normocapnic animals are given
the NMDA antagonist MK-801, it seems clear that the delay
in calcium uptake in hyperglycemic animals is due to the
additional fall in pHe , also that the effect is largely extended
on the NMDA receptor-gated ion channels [17].
Pre-ischemic hyperglycemia, or extreme hypercapnia aggravates ischemic brain damage, involving pan-necrotic lesions in which glial cells and vascular epithelium are also
affected (for review, see [36]). Since aggravated acidosis
reduces the rate of calcium uptake by NMDA-gated channels it is very likely that most of the calcium will enter
the cells via the reversal of the Na+ /Ca2+ exchanger. This
can lead to significant increase in the amount of calcium
accumulated by glia after AD since neurons take up calcium at reduced rates. Therefore, the adverse effect of excessive intra-ischemic acidosis on glial survival can be, at
least in part, due to more extensive calcium accumulation
by these cells. However, MK-801 has a similar effect on ischemic calcium fluxes to aggravated acidosis (Fig. 4, see also
[10,30]), yet the results show that MK-801 does not ameliorate nor aggravate damage due to global ischemia [37,38].
Most probably, the combination of increased calcium accumulation by glia and exaggerated acidosis leads to massive damage of these cells. Although exaggerated acidosis
aggravates ischemic brain damage, in hyperglycemic subjects the adverse effect of glucose per se cannot be excluded
[39,40].

4. Bioenergetic and calcium metabolism during
recovery
If ischemia is followed by adequate reperfusion following
a lag period of 1–2 min, the ion gradients at the plasma
membrane are gradually normalized suggesting a recovery
of cellular energy metabolism.
At the end of 10–15 min of global ischemia high-energy
phosphate levels are markedly reduced and, as could be expected, tissue glucose and glycogen pools are depleted, and
lactate is increased (see [41]).
There are also marked changes in citric acid cycle metabolites. Thus, the tissue is depleted of ␣-ketoglutarate and oxaloacetate, there is significant decrease in citrate and malate,
a moderate fall in fumarate and a substantial increase in succinate. For example after 5 min of complete ischemia succinate concentrations rise to 270% of normal [42]. Ischemia
further leads to highly significant increase in GABA, alanine
and ammonia [43].
Fifteen minutes after blood flow is restored there is a
marked decrease in glutamate, aspartate and ammonia, increase in glutamine, asparagine and in GABA [42]. The ma-

jor part of the ammonia is probably detoxified by the amidation of glutamate in astrocytes by the ATP-requiring enzyme glutamine synthetase, a conclusion that is supported
by the elevated levels of glutamine, and the decreased concentration of glutamate.
The high-energy phosphate levels recover appreciably
already after 5 min of reperfusion [41]. In the rat 1 min after
cerebral circulation is restored cellular ion gradient starts to
be re-instituted, at which time the brain ATP concentration
is 0.9 mM, and further increases to 1.7 mM following 5 min
of reperfusion. Similarly, PCr levels rise from 0.2 mM at the
end of ischemia to 3.6 mM at the end of 5 min reperfusion
period [41]. At 15 min of recovery there is a further increase
in PCr and ATP levels the latter reaching about 80% of
normal values [44]. Interestingly, during this period, lactate
levels are still more than 200% of normal [41,44]. Thus,
the lactate/pyruvate ratio is significantly elevated at 15 min
of recovery. This suggests that the pyruvate utilization by
mitochondria is inhibited during early reperfusion. Indeed,
pyruvate dehydrogenase complex (PDH) inactivation after transient global ischemia has been reported by several
groups [45–49]. Cardell and coworkers [44] reported an
inhibition of the PDH complex activity at 15 min after the
start of reperfusion. The inactivation of PDH is most probably confined to the E1 subunit of the PDH complex since
the activity of the other two subunits (E2 and E3) were
unchanged following the ischemic insult [49]. Furthermore,
data showing that acety-l-carnitine (ALCAR) administration can significantly improve the recovery of the bioenergetic state of post-ischemic tissue also suggest that PDH
activity is inhibited, since ALCAR most probably bypasses
the PDH and serves as an exogenous donor of oxidizable
acetyl groups that enter aerobic metabolism at a point just
distal to the impaired PDH reaction [50,51].
Taking all the above data into consideration, it is not clear
what serves as an oxidizable substrate for mitochondria during the first minutes of reperfusion. Since the PDH complex
is inactivated the utilization of pyruvate by mitochondria
for oxidative phosphorylation is impaired. One possibility
is that the accumulated succinate during the ischemic insult (see above) serves as temporary source of substrate for
complex II in mitochondria. This is because the levels of
other intermediates of the TCA cycle are subnormal (see
above). However, succinate supported respiration leads to
higher rates of mitochondrial free radical production due to
back-leak of electrons from complex II to complex I [52–54]
and can cause oxidative damage to mitochondrial proteins
which is observed after transient ischemia [47,55–57].
4.1. Lactate as an energy source for post-ischemic tissue
It is known that lactate can serve as an energy source
since it can be converted in the brain to pyruvate by the lactate dehydrogenase isoenzyme LDH5 [58,59], which, in the
brain is found characteristically in neurons [60]. This led
to the conclusion that high levels of lactate after ischemia
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are beneficial for the recovery of brain energy metabolism
[61]. Lactate could support mitochondrial respiration after
the ischemic insult by being converted to pyruvate, however,
pyruvate utilization by mitochondria requires activity of the
PDH complex. Since PDH can be inactivated during early
reperfusion and the lactate/pyruvate ratio remains elevated
during the first 15 min of recovery it is difficult to envisage
how lactate can significantly support the cellular bioenergetic recovery following ischemic insult (see also [62,63]).

5. Mitochondrial dysfunction and calcium metabolism
following transient ischemia
Following ischemia and reperfusion, brain energy levels/bioenergetic metabolism may appear to recover. However, after a period of several hours or days there may be
a secondary decrease in tissue bioenergetic potential. This
phenomenon has been termed “secondary energy failure”
and is accompanied by delayed mitochondrial dysfunction
and tissue calcium accumulation leading to cell death (for
reviews, see [13,64,65]). Thus, transient cerebral ischemia is
followed by a gradual rise in Ca2+
i [21], by delayed calcium
sequestration in mitochondria [66,67], and by delayed mitochondrial respiratory dysfunction [68]. There have been attempts to explain the mitochondrial respiratory dysfunction
by the peroxidation of lipid components of mitochondrial
membranes or by activation of phospholipase A2 that secondarily affects the membrane-embedded respiratory complexes [69,70]. Another hypothesis is that direct oxidation
of proteins in these complexes by free radicals inhibits mitochondrial respiration [45,47,56], and in particular causes a
blood flow dependant and reversible inhibition of complexes
I, II, III and V activities and a delayed “secondary” irreversible decrease in complex IV activity [47,57]. Data showing a translocation of cytochrome c (cyt c) from mitochondria to the cytosol during the reperfusion period also suggests damage to mitochondrial membranes or a pathological
alteration in membrane permeability [71–73]. Thus, it has
become increasingly clear that during reperfusion following
cerebral ischemia, a secondary (delayed) mitochondrial failure occurs that compromises cellular energy metabolism.
One of the mechanisms that could cause mitochondrial
damage following an ischemic insult is the opening of mitochondrial permeability transition (MPT) pore (for reviews,
see [13,65,74,75]; for heart ischemia, see [76]).
5.1. Mitochondrial permeability transition (MPT) and its
regulation during ischemia/recovery
Studies on isolated mitochondria have revealed that when
mitochondria accumulate a large amount of calcium, and/or
when they are exposed to oxidative stress, a large conductance pore in the mitochondrial inner membrane is opened.
The opening of this MPT pore leads to collapse of the mitochondrial membrane potential and dissipation of proton
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and ion gradients [77–79], resulting in the uncoupling of oxidative phosphorylation and the cessation of mitochondrial
ATP synthesis. The MPT pore is a mega-channel regulated
by multiple effectors [79–82]. In addition to high intramitochondrial calcium concentration and exposure of mitochondria to oxidizing agents, high levels of inorganic phosphate
(Pi ), depletion of mitochondrial glutathione and alkaline pH
also favor MPT pore opening. Alternatively, adenine nucleotides (particularly ATP and ADP), magnesium ions, and
low pH will decrease the probability of the MPT pore opening.
The MPT is inhibited by CsA, most likely due to its binding to cyclophilin D (cycl D), a matrix peptidyl-prolyl cis,
trans-isomerase, which is the endogenous MPT modulator.
5.2. Detection of MPT in vivo
Since MPT pore formation and the regulation of its opening is complex, and since many effectors could potentially
affect the pore synergistically in vivo, one cannot readily
predict when and under what conditions the MPT is induced
in intact tissue. Moreover, recent studies have suggested that
the MPT activity of brain mitochondria is regulated differently than that isolated from liver or heart [83–85]. Although
MPT pore opening is readily studied in vitro, methods that
allow accurate, quantifiable, time-dependant detection and
study of the MPT in vivo have yet to be established.
An early study showing mitochondrial membrane damage
in post-ischemic brain, was reported by Ouyang et al. [86].
These authors detected a leak of the mitochondrial isoform
of aspartate aminotransferase from mitochondria to cytosol
in non-synaptic brain mitochondria isolated from rats during first hour of reperfusion. Additional, indirect evidence
that the MPT contributes to the events leading to ischemic
cell death is the observation that the MPT inhibitor CsA can
dramatically ameliorate brain damage due to ischemic insult
when it is allowed to pass the blood–brain barrier [87,88].
The protective effect of CsA was later shown also in brain
damage induced by hypoglycemic coma [89], focal ischemia
[90,91] and trauma [92]. Furthermore, it has been shown that
there is a significant decrease in heart mitochondrial NAD+
content after an ischemic insult [93]. In addition, an uptake
of glutathione by brain mitochondria following cerebral ischemia was reported [94,95]. These results were interpreted
as indirect evidence of the MPT because the robust increase
in permeability of the mitochondrial inner membrane allowed diffusion of NAD+ and glutathione between the cytosol and the mitochondrial matrix, and since the observed
post-ischemic changes were reversed by CsA pretreatment.
Another attempt to detect MPT in vivo was reported
by Griffith and Halestrap [96]. Radioactive deoxyglucose
(DOG) was used as an intracellular marker molecule whose
entry into the mitochondria can only occur when the MPT
pore is opened. Rat hearts were perfused with medium containing DOG prior to ischemia, and the presence of DOG in
mitochondria isolated from post-ischemic heart tissue was
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examined. An increased entrapment of DOG in mitochondria suggested that a transient opening of the MPT pore during reperfusion had occurred.
5.3. Early reperfusion and the MPT
During the first minutes of reperfusion, mitochondria
are exposed to high concentrations of calcium and Pi and
to lower than normal pH. Since previous studies have
demonstrated that low pH inhibits the MPT, it was assumed
that brain lactic acidosis during the early reperfusion period protects the mitochondria from the MPT. However, it
has been demonstrated that acidic pH actually stimulates
calcium-induced MPT in non-synaptic brain mitochondria,
when tested under energized conditions [97]. Thus, during
the early reperfusion period mitochondria are exposed to
several conditions that should favor opening of the MPT
pore, including high cytosolic calcium and phosphate levels
and low pH. When sufficient O2 and substrate are delivered
to the reperfused tissue, resumption of respiration reestablishes the mitochondrial membrane potential that drives calcium uptake by mitochondria. Therefore, calcium overload
will predictably lead to activation of the MPT in vivo.
5.4. Calcium-induced MPT in vitro and mitochondrial
calcium accumulation in vivo
As discussed above, ischemia leads to translocation of
calcium ions from extracellular fluids into cells. The ion
movements across cell membranes in vivo are, at the time of
AD, restricted to intra- and extracellular fluids. This is because the blood–brain barrier (BBB) tightly controls ion exchange between blood and extracellular fluids and is intact
for many hours, even following a transient ischemic insult
[98]. Thus, although any efflux or influx of ions markedly
influences the extracellular and intracellular calcium concentrations, the total tissue concentration is unaltered by a
transient ischemic episode for hours or days [99,100].
Extracellular fluids occupy about 20% of tissue volume
in vivo and have a Ca2+
e of about 1.2 mM. In complete or
dense ischemia, virtually all of this extracellular calcium enters brain cells. This means that the Ca2+
should increase
i
to about 240 M. If calcium preferentially enters neurons
(via NMDA-gated channels) the increase may be at least
twice as high. However, the Ca2+
i measured experimentally
rises during ischemia from about 0.1 to 30–60 M [30]. The
reason for this relatively small (compared to the theoretical
maximum) increase is that the calcium entering the cell is
partly bound or sequestered within the cytosol. However, the
uptake of cytosolic calcium by mitochondria at the time of
AD is, at least partly, compromised since mitochondria are
probably depolarized due to lack of oxygen. This conclusion is supported by data showing only a moderate rise of
mitochondrial calcium content at the end of ischemic period
[67] (see Fig. 5). However, during the first minutes of reperfusion when mitochondria are re-energized and regain their

membrane potential, calcium accumulation by mitochondria
is much more pronounced [67] (Fig. 5). The mitochondrial
calcium content increases from a pre-ischemic level of 3 to
∼15 nmol Ca mg−1 protein at 10 min of reperfusion.
This increase in mitochondrial calcium content is much
smaller than one can observe in vitro. For example if brain
mitochondria are incubated in potassium based buffer containing NADH-linked substrates and phosphate the calcium
uptake capacity is about 180 nmol Ca mg−1 protein [85].
In the presence of physiological levels of ATP, the mitochondrial capacity to retain calcium increases to over
1000 nmol Ca mg−1 protein [84,101,102]. The presence
of high levels of ADP also increases brain mitochondrial
calcium uptake capacity, however to less extent, about
800 nmol Ca mg−1 protein [101,103].
The moderate rise of total mitochondrial calcium content
following ischemia in vivo suggests that the available pools
of calcium are limited (see above). Furthermore, the calcium
uptake capacity of mitochondria is reduced by acidic conditions or high phosphate concentrations [97,103], which are
conditions both present during early reperfusion.
Since the highest levels of calcium accumulation capacity
were determined in the presence of physiological concentrations of ATP, magnesium, and phosphate and at pH 7.0,
much of the reported data cannot be readily interpolated to
ischemic or post-ischemic tissue when the ATP levels do not
fully recover, the pH is acidic and the phosphate concentration is elevated. Furthermore, the direct comparison of in
vitro and in vivo data requires that the amount of calcium
taken up by cells during ischemia is expressed per mass of
mitochondria within the calcium accumulating cells.
As mentioned above at the time of AD intracellular calcium concentration theoretically can rise up to 240 M or
even to 480 M if only neurons preferentially accumulate
the calcium from extracellular fluids. Yet, if all this calcium
were accumulated only by mitochondria the mitochondrial
calcium load would be between 3 and 16 nmol Ca mg−1 of
mitochondrial proteins. This is because mitochondria represents 3–8% of cell volume in brain [104] and since a mitochondrial matrix volume of 1 l corresponds to about 1 mg
of mitochondrial proteins [103]. This is a relatively small
amount of calcium, which will under physiological conditions induce the MPT pore opening only in a small fraction
of the whole mitochondrial population that is particularly
sensitive to calcium-induced damage [85,101]. The MPT
triggering probability however will be higher during conditions of immediate reperfusion following transient ischemia
because of intracellular acidosis, high phosphate concentration and low levels of ATP. However, the significance of
possible damage to a sub-population of mitochondria during the immediate recirculation for cell survival remains to
be determined.
The situation is different at the time of delayed mitochondrial failure when there is a progressive secondary
accumulation of calcium in cells [21,99] and mitochondria
[66,67] (see Fig. 5). The increase in tissue calcium content
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2+
2+
Fig. 5. Schematic illustration of changes in extracellular calcium (Ca2+
e ), intracellular calcium (Ca i ), and in mitochondrial calcium (Ca m ) during global
ischemia and reperfusion. Data were taken from [74].

after prolonged recovery suggest that even slow delivery
of calcium from blood to post-ischemic cells during several hours or days can lead to massive calcium overload
of post-ischemic tissues. This can lead to large amounts
of cellular/mitochondrial calcium accumulation, which ultimately will cause mitochondrial dysfunction and bioenergetic failure compromising cellular function and survival.
The mechanisms of this delayed post-ischemic calcium
perturbation are not fully understood. A similar delayed calcium disregulation (DCD) was observed in vitro in neurons
during prolonged glutamate exposure [105], for review see
[106,107]. Although the pathways of calcium entry have
yet not been identified mitochondrial calcium metabolism
seems to play a significant role in the mechanisms leading to
DCD [107].

6. Apoptotic proteins and mitochondrial dysfunction
during post-ischemic period
The finding that cytochrome c (cyt c) is released from
mitochondria together with apoptosis inducing factor (AIF)
and procaspase-9 and that caspase-3, an executioner of
apoptotic cell death, is activated following ischemia suggested that apoptotic mechanisms are triggered by ischemic
insult [108–112]. Although the mechanisms causing cyt c
release from mitochondria are not well understood there are
at least two possibilities discussed in the literature. One is

the mechanical damage of outer mitochondrial membrane
due to MPT induced swelling. This usually leads to permanent damage to both inner and outer mitochondrial membrane and the affected mitochondria are becoming dysfunctional. The other mechanism of cyt c release is based on the
observations that translocation of the pro-apoptotic protein
Bax into mitochondrial membranes can result in changes of
the outer membrane permeability and cyt c release (for review, see [113]). The interactions of anti-apoptotic proteins
alike Bcl-2/Bcl-xL at the mitochondrial membrane interfere
with this process. Interestingly there are reports showing
that Bax can initiate the release of cyt c also through an
interaction with the MPT pore [114–117] or in the absence
of MPT (thus in the absence of mitochondrial swelling)
leaving the intramitochondrial structures intact (see [113]).
Thus, the complex interaction of anti- and pro-apoptotic
proteins at the mitochondrial membrane can regulate also
the MPT [118,119] therefore suggesting that the MPT can
be an integral mechanism of apoptosis [120].
Studies in vitro show that moderate excitotoxic insults
may activate mechanisms of apoptosis, whereas dense insults are prone to cause necrosis [121]. This is probably related to the observation that caspase-dependent cell death
utilizes energy [122]. Therefore cells with most of the mitochondria being irreversibly damaged will become necrotic
and cells with partially compromised mitochondria will be
prone to undergo apoptosis. Typical injury manifesting both
moderate and dense insult is focal ischemia. Focal ischemia
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can be permanent or transient lasting 30–90 min and is characterized by two ischemic regions [24]. The infarct core (or
ischemic focus) which represents a brain tissue with dense
ischemia where most of the cells are subjected to conditions
that lead to energy depletion, complete loss of ion homeostasis with calcium accumulation [123,124] and necrosis. The
ischemic core is surrounded by penumbral regions where
the ischemia is less severe and the cells within these tissues
can be rescued by appropriate treatment [24]. Interestingly,
cells in the penumbra exhibited morphological changes similar to apoptosis [108], which is consistent with their ability
to maintain ATP levels high enough to allow apoptosis to
proceed. Another example of dense ischemia though with
shorter duration (10–15 min) is global ischemia. Although
there are reports suggesting involvement of apoptotic mechanisms in cell death following global ischemia, interestingly
this type of cell injury has the morphological characteristics of necrosis [125–127] and the classical apoptotic DNA
fragmentation has not been consistently observed in these
tissues [128,129]. Therefore, it seems that after global ischemia, what appears to be necrosis (as defined pathologically) could be the end result of some type of apoptotic program. Thus, this type of ischemia shows a unique form of
cell death within the brain where both apoptotic and necrotic
features can be recognized.

7. Conclusion
Most of the biochemical pathways identified following
cerebral ischemia and reperfusion involve mitochondria
either as primary targets and/or regulators of cell death
mechanisms. The extent of mitochondrial dysfunction
caused by ischemia primarily affects the cellular energy
metabolism, yet also probably determines which particular
molecular mechanism is going to play a significant role in
the ensuing cell death processes and which will become
an epiphenomenon of the death process itself. There are
however, many fundamental unresolved issues concerning
the involvement of mitochondrial energy metabolism in the
mechanisms of ischemic brain damage.
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