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Abstract
Calcium is an extraordinarily versatile signaling ion, encoding cellular responses to a wide variety
of external stimuli. In neurons, mitochondria can accumulate enormous amounts of calcium, with
the consequence that mitochondrial calcium uptake, sequestration and release play pivotal roles in
orchestrating calcium-dependent responses as diverse as gene transcription and cell death. In this
review, we consider the basic chemistry of calcium as a ‘sticky’ cation, which leads to extremely
high bound/free ratios, and discuss areas of current interest or controversy. Topics addressed
include methodologies for measuring local intracellular calcium, mitochondrial calcium buffering
and loading capacity, mitochondrially directed spatial calcium gradients, and the role of calcium
overload-dependent mitochondrial dysfunction in glutamate-evoked excitotoxic injury and
neurodegeneration. Finally, we consider the relationship between delayed calcium de-regulation,
the mitochondrial permeability transition and the generation of reactive oxygen species, and
propose a unified view of the ‘source specificity’ and ‘calcium overload’ models of N-methyl-D-
aspartate (NMDA) receptor-dependent excitotoxicity. Non-NMDA receptor mechanisms of
excitotoxicity are discussed briefly.
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Introduction
Neurons respond to activating stimuli by initiating calcium (Ca2+) entry through plasma
membrane channels, but the consequent increase in free cytosolic Ca2+ is strongly
modulated by the activity of intracellular calcium stores [1]. In particular, Ca2+ uptake,
sequestration and release by the endoplasmic reticulum and mitochondria – the two major
Ca2+-regulating organelles – play essential roles in modulating and interpreting Ca2+ signals
[2,3]. Of special interest in this context is a renewed focus on mitochondrial calcium
handling [4], and the role that this plays in bioenergetics, organelle communication,
organelle dynamics and trafficking, cell death signaling, and other equally important aspects
of cell signaling. As in other cell types, mitochondria play a pivotal role in neuronal Ca2+

signaling [5]. In addition, mitochondrial calcium overload and subsequent dysfunction are
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thought to be critically important for triggering the cell death that follows ischemic and
traumatic brain injury [6–8], as well as in several neurodegenerative disorders including
Alzheimer’s, Parkinson’s, Huntington’s and amyotrophic lateral sclerosis (ALS) [9,10]. An
excellent review volume addressing several general aspects of mitochondrial function and
calcium signaling has recently been published [11, and the other 13 reviews in that issue].
Here we consider selected topics that are timely, mutually complementary and sometimes
controversial, focusing particularly on the influence that the large pool of bound calcium has
on mitochondrial function and dysfunction in neurons.

Physiological calcium-regulated mitochondrial function
Distribution of intracellular calcium: free versus total calcium

Under physiological conditions, intracellular Ca2+ is tightly regulated, not only in the
cytosol but also within organelles, by distinct collections of Ca2+ transporters, i.e. channels,
pumps and exchangers. The resting total cellular calcium concentration in neurons is
typically about 1 mM, but the vast majority of intracellular calcium, > 99.9%, is bound to
cytosolic proteins or sequestered in the endoplasmic reticulum. Consequently, baseline free
cytosolic Ca2+ is usually maintained at approximately 100 nM, with stimulation causing
global increases to approximately 1 μM; local increases may be substantially higher [12,13].
Because the cytosolic and intra-organelle pools of bound calcium are so large, they have a
profound influence on the magnitude, shape and time course of evoked Ca2+ transients.
Although cytosolic Ca2+ elevations are the direct effectors of function, the bound calcium
pool nevertheless comes into play, for example by siphoning large proportions of Ca2+

currents away from the signaling pool or by sequestering significant amounts of calcium
within non-cytosolic compartments, in which different but characteristic free/bound
equilibria affect intraluminal Ca2+ signaling. The magnitude and importance of such effects
vary widely, depending on the concentrations, distributions, affinities and kinetics of Ca2+-
binding proteins, pumps and leaks.

There are large concentration gradients across both plasma membranes and organelle
membranes, both at rest and after Ca2+ entry and elevation. In resting neurons, both the total
and free mitochondrial calcium levels are quite low, estimated as approximately 0.1 mM and
100 nM, respectively [14,15]. Thus, in contrast to the endoplasmic reticulum, mitochondria
do not generally serve as a calcium ‘store’. However, after stimulation, mitochondria are
capable of accumulating enormous amounts of calcium [16,17]. The accumulation and
sequestration of calcium within mitochondria is thought to be profoundly important for
processes ranging from synaptic transmission to ischemic brain injury.

Quantitative analysis of intracellular and intra-organelle calcium levels
Given the functional importance of free intracellular Ca2+ ions, and the sheer size of the
bound calcium pool, it is clearly useful to know how concentrations of total calcium (which
are essentially equivalent to bound calcium concentrations) in specific subcellular locations
change in parallel with free Ca2+. We therefore briefly review the various methods for
quantitative measurement of cellular calcium, noting the strengths and weaknesses of each
method. Measurements of free cytosolic Ca2+ are now routinely and almost universally
obtained by means of Ca2+-specific fluorescent probes [18]. A variety of ratiometric probes
suitable for quantitative assays are commercially available. However, there are a few caveats
that should be mentioned. First, the probe molecules themselves act as Ca2+ buffers, and as
such perturb the underlying equilibria between Ca2+ and endogenous buffers. Second, it is
important to choose probes with a Kd appropriate for the expected concentration range, and
this can be problematic in cases where changes in Ca2+ concentration covers two or more
orders of magnitude. Third, the specificity of a given probe must be kept in mind. This type
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of problem is exemplified by the evidence for crosstalk between Ca2+ and Zn2+ when using
fura-2 [19] or calcium green-1 [20]. Options for quantitative intra-organelle Ca2+

measurements are much more limited, and the spatial resolution of most Ca2+ probes
precludes single-organelle analysis [21]. However, recent advances in genetically encoded,
quantitative calcium sensors, such as ratiometric pericam or fluorescence resonance energy
transfer (FRET)-based cameleons that can be targeted to specific organelles or subcellular
locations, have opened up new lines of investigation [22].

Compared to the advanced state of methodologies for free Ca2+ analysis, the determination
of total calcium concentrations is more problematic. The classical 45Ca2+ isotope uptake
method is still sometimes used, but this is decidedly inconvenient and suffers from the fact
that only population-averaged data are obtained. This approach is therefore not applicable
when, as is often the case, single-cell or even single-organelle data are required. An
alternative, well-established quantitative method is electron probe microanalysis (EPMA), a
technique that uses the electron microscope as a spectrometer by parking a stationary,
focused, nanometer-sized electron beam on a subcellular region of interest and using an
energy-dispersive X-ray detector to collect the emitted, calcium-specific X-rays (see [23,24]
for technical reviews). EPMA provides resolution down to the single-organelle level, i.e. is
not limited to ensemble averages. It also provides sub-millimolar sensitivity. However,
EPMA also has significant limitations. Specimen preparation requires extensive and
elaborate cryo-techniques, the instrumentation is specialized and expensive, and spectrum
collection is time-consuming.

Energy-filtered transmission electron microscopy (EFTEM), a technique that provides high-
resolution, quantitative element-specific images, may in the near future ameliorate several of
the problems that plague EPMA. EFTEM is now widely used in materials science [25], but
so far has rarely been used in biology. For calcium detection, the main problem was
extracting the weak calcium L2,3 signal from the high mass thickness-dependent
background. However, a recent report [26] has described a novel approach to this problem,
requiring only four images, each containing over one million pixels. This represents a major
improvement in throughput and collection efficiency compared to EPMA. At present, the
achievable resolution and sensitivity are adequate for measurements of high physiological
and pathophysiological calcium concentrations at the single-organelle level. Perhaps most
promisingly, the entire method can be implemented using off-the-shelf microscope packages
from several manufacturers, although cryospecimen preparation is still required. Application
of this EFTEM technique to mapping calcium in individual mitochondria of frog
sympathetic neurons is described below.

Mitochondrial calcium uptake and buffering
Neuronal mitochondria take up Ca2+ through the so-called uniporter [27,28], a channel that
is itself Ca2+-sensitive, and which, when opened by elevated cytosolic Ca2+, allows Ca2+ to
flow into the matrix down the mitochondrion’s steep electrochemical gradient.
Mitochondrial Ca2+ release in neurons is regulated primarily by a Na+/Ca2+ exchanger [29].
The maximal rate of release is much lower than the maximal rate of uptake, which is why
continuous mitochondrial calcium accumulation is observed when the cytosolic Ca2+ is
high. The net effect of the mitochondrial Ca2+ transport pathways is that this organelle
contains little calcium in resting cells, but abruptly begins to accumulate large amounts of
calcium during stimulated Ca2+ entry, and to release this calcium load during recovery [30].
(More information on mitochondrial Ca2+ transport is provided in the reviews by Starkov
[31] and by Chinopoulos and Adam-Vizi [32]). The physiological effects of elevated
intramitochondrial calcium are numerous and significant, and include adjusting aerobic ATP
production, modulating the effects of elevated cytosolic Ca2+ on transmitter release,
synaptic transmission and excitability, regulating organelle dynamics and trafficking,
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mediating signaling to the nucleus, regulating the generation of reactive oxygen species
(ROS), and activating the release of death signals [30–34]. Nonetheless, the mechanisms by
which mitochondrial calcium accumulation influences global and local Ca2+ signals remain
incompletely understood, and this continues to be a field of active investigation.

As noted, mitochondria have an enormous capacity to accumulate and store calcium, most of
it in a bound form; estimates of the bound/free ratio following stimulation are as high as
4000 [30,35]. What accounts for the large proportion of bound calcium? It has been known
for decades that intramitochondrial calcium-and phosphorus-rich deposits of uncertain
stoichiometry form under conditions that produce large mitochondrial calcium loads [36,37].
Although historically this situation has been viewed as lethal, it is now clear that localized,
nanometer-sized inclusions that are chemically similar to the well-known larger deposits are
observed almost from the outset of physiological calcium accumulation [16,37–40]. Certain
key aspects of these precipitates, including their heterogeneous distribution both within and
among mitochondria, are illustrated by the ‘calcium map’ in Fig. 1, which was generated
using the new EFTEM approach described above. Precipitate formation is thought to
represent an important, high-capacity calcium storage mechanism that blunts cytosolic Ca2+

elevations during Ca2+ entry while providing a reserve pool of Ca2+ that extends post-
stimulus recovery [16,37]. It also clamps an upper limit on free mitochondrial Ca2+ [37,39].
This mechanism has implications not only for normal responses to stimulated Ca2+ entry,
but also for conditions such as ischemic or traumatic brain injury. One possibility is that the
high capacity of the mitochondrial Ca/P buffering system represents a major line of defense
against excitotoxic calcium overload [41,42]. Evidence supporting this idea is discussed
below.

Spatial dependence of mitochondrial calcium uptake
Broad variability between individual mitochondria with regard to calcium uptake and
sequestration in individual cells is a general characteristic of in situ mitochondrial
populations [16]. The basis for this variability is unknown, but probable factors include the
following: bioenergetic status, substrate availability, the activity of regulatory proteins such
as Bcl-2, and spatial proximity to a Ca2+ source. The last factor has been elegantly and
extensively documented in non-neuronal cells, for which mitochondrial/endoplasmic
reticulum communication via local Ca2+ transients has been firmly established [43,44].
Analogous mechanisms undoubtedly also operate in neurons, but the situation is more
complicated because Ca2+ elevations in neurons are typically initiated by Ca2+ entry through
plasma membrane channels, which adds a geometric component to the controlling factors.

The importance of location is well illustrated in the isolated frog sympathetic neuron, a cell
type that serves as an excellent biophysical model on account of its large size
(approximately 40 μm diameter), spherical geometry, and the reliable response of plasma
membrane voltage-gated Ca2+ channels to depolarization [45]. In these cells, brief
depolarization induces rapidly dissipating cytosolic Ca2+ gradients, which begin just under
the plasma membrane and diffuse inwardly, decaying in <1 s [46]. Depolarization-induced
mitochondrial Ca2+ uptake reflects the radial dependence of these cytosolic gradients, i.e.
calcium accumulation is overwhelmingly restricted to those peripheral mitochondria
exposed to the earliest and highest cytosolic Ca2+ transients [47]. Mitochondria near the cell
center accumulate virtually no calcium. The net effect is that the peripheral mitochondria act
as ‘firewalls’ [48], damping or eliminating Ca2+ signaling to centrally located organelles.

As this mechanism appears to be a general feature of Ca2+ signaling [49], it may well have
broad implications for neuronal function. For example, it seems likely that appropriately
positioned mitochondria may serve to discriminate surface-localized signaling events, such
as L-channel signaling to the nucleus [50], from global signaling. Given the potential
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significance of location-dependent Ca2+ signaling, additional direct data demonstrating this
type of mitochondrial regulation in a more relevant experimental context, for example
dendritic shafts, would be welcome.

Mitochondrial calcium in neuronal injury and degeneration
NMDAR-mediated excitotoxicity

Glutamate is the major excitatory neurotransmitter in the brain, but one can have too much
of a good thing – exposure of central neurons to excessive glutamate leads to excitotoxic
death [51,52]. Necrotic or apoptotic-like excitotoxic death is implicated in the
pathophysiology of several neurological disorders, including various dementias, stroke,
central nervous system trauma, Parkinsons’s, Huntington’s, and other neurodegenerative
diseases. The N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor (NMDAR)
plays a central role in excitotoxic injury. Physiological activation of these receptors permits
the flow of cations, primarily Na+ and Ca2+, through their ion channel in a process that is
essential for normal synaptic transmission as well as for a variety of Ca2+-dependent
signaling pathways. However, massively elevated levels of glutamate, such as occur in the
ischemic core after a stroke, trigger overwhelming NMDAR stimulation, leading to loss of
ion homeostasis, cell swelling and necrotic death [53]. In contrast, moderate NMDAR
hyperactivity, such as that occurring in the ischemic penumbra of a stroke and in many
neurodegenerative diseases, results in somewhat less excessive Ca2+ influx, which can
initiate apoptotic-like damage [9,54].

The ability of mitochondria to accumulate enormous amounts of calcium in situ plays an
important role in excitotoxic injury. There is compelling evidence that excessive Ca2+ influx
through NMDARs targets mitochondria, leading to mitochondrial calcium overload that in
turn triggers mitochondrial dysfunction and activation of death signals [7,33,55]. However,
the precise cellular response to mitochondrial injury is variable, often unclear and
controversial. Current models of excitotoxicity implicate one or more of the following
mitochondria-related events: uncoupling of oxidative phosphorylation [56,57], activation of
the mitochondrial permeability transition [58,59], release of pro-apoptotic proteins [60,61],
activation of poly(ADP-ribose) polymerase-1 [62] and proteases such as calpain [63,64],
increased production of ROS [65,66] and delayed Ca2+ de-regulation [67], ultimately
resulting in necrotic or apoptotic-like cell death [54]. Although the contribution of each of
these processes to the activation of death pathways is firmly established, the sequence of
events, as well as the significance of various mechanisms, is less clear. Several of these
issues are discussed below.

The mitochondrial permeability transition in excitotoxic cell death
The mitochondrial permeability transition (MPT) pore is a voltage- and Ca2+-dependent
high-conductance channel breaching the inner mitochondrial membrane [59,68]. Although
the structure and molecular composition of the MPT pore remain elusive, activation of this
complex is recognized as a major cause of ischemia/reperfusion injury in the heart, where it
is a prime target for cardioprotection [69,70]. (The molecular nature of the MPT complex is
discussed elsewhere in this review series [31]). However, the possible involvement of MPT
in excitotoxic neurodegeneration has been a matter of debate for over a decade. A significant
body of evidence, both clinical and experimental, supports a role for MPT in ischemic injury
[6,8,71,72], as well as in neurodegenerative diseases, such as Huntington’s, Parkinson’s and
Alzheimer’s [9]. Nonetheless, uncertainty remains, at least partly due to the inconsistent
effects of cyclosporin A, the gold standard of MPT inhibitors, on neuronal mitochondria
[55,67,73]. Apparently, cyclosporin A is not reliably diagnostic of MPT in neuronal
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mitochondria, possibly because its protective effect can be overcome by high calcium loads
[59,74].

In isolated mitochondria, MPT activation is characterized by loss of the mitochondrial
membrane potential, swelling of the mitochondrial matrix, and outer membrane rupture,
followed by release of internalized Ca2+ and apoptogenic proteins [59]. However, it has
proven difficult to establish that MPT occurs in in situ mitochondria during
neurodegeneration of intact neurons. We reported that cultured hippocampal neurons display
several hallmarks of MPT after episodes of excitotoxicity-induced mitochondrial Ca2+

loading [38] that were quantitatively comparable to those that induce MPT in isolated brain
mitochondria [37]. However, retention of high levels of calcium in the form of calcium- and
phosphate-rich precipitates (discussed above and also below) in swollen mitochondria after
presumptive pore opening (Fig. 2, upper panel) seemed to be inconsistent with the
expectation that mitochondrial Ca2+ should equilibrate with cytosolic Ca2+ after MPT. This
paradox was resolved by experiments using isolated brain and liver mitochondria to
demonstrate that neither MPT induction nor additional mitochondrial depolarization (with
protonophore) led to complete release of accumulated calcium [75] (Fig. 2, lower panel).
Indeed, significant amounts of accumulated calcium were retained for many minutes after
MPT activation.

Several recent studies offer further evidence for the involvement of MPT in excitotoxic cell
death. For example, it has been demonstrated that glutamate exposure leads to transient
matrix alkalinization, followed by acidification; this effect is absent in neurons that are
deficient in cyclophilin D, a putative modulatory pore component [76]. Similarly, a
deficiency in the ADP/ATP translocator (which is not essential for MPT but does regulate
pore opening [77]) has been reported to be neuroprotective against glutamate excitotoxicity
[78]. Interestingly, MPT activation may underlie increased excitotoxic vulnerability
attributable to dysfunction of the mitochondrial Na+/Ca2+ exchanger, for example as seems
to occur in cells carrying a mutation in the Parkinson’s-associated mitochondrial gene
PINK-1 [79]. To summarize, despite remaining controversies, the weight of current
evidence appears to favor an important role for MPT in excitotoxic injury [55,80].

Delayed calcium de-regulation
Delayed Ca2+ de-regulation (DCD) generally refers to the second phase of a typical biphasic
cytosolic Ca2+ response to glutamate exposure. DCD was first described over 10 years ago
in hippocampal [81], spinal [82] and cerebellar granule neurons [83], but the exact cause and
significance of DCD is still unknown and is actively debated. During chronic glutamate
exposure, DCD is postulated to indicate the point of no return, i.e. it is the first indication of
cell demise when Ca2+ regulation is irreversibly impaired. On the other hand, certain large
pyramidal neurons, e.g. cortical and hippocampal neurons, exhibit fast, DCD-like but
reversible secondary Ca2+ elevations [56,76,84,85] that become irreversible during longer
glutamate or NMDA exposures [56]. For these cell types, primary DCD by itself is
apparently not sufficient to indicate impending cell death.

The relationship between DCD and the activation of MPT is also unclear. Mitochondrial
calcium overload-induced MPT is implicated in both reversible and irreversible DCD
[76,86]. Correlation between the onset of depolarization of the mitochondrial membrane
potential and DCD [56], as well as blocking DCD with cyclosporin A [57], indicate to a role
for MPT, especially at later stages. However, in neurons from cyclophilin D knockout mice,
mitochondrial membrane potential depolarization and matrix acidification – both
presumptive indicators of MPT – were only delayed relative to DCD, but not abolished,
when stimulated with low concentrations of glutamate [76]. Another recent knockout study
linked MPT to DCD only after prolonged glutamate exposure [87].
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These knockout studies illustrate well the variable relationship between cytosolic Ca2+

overload, mitochondrial calcium loading and MPT, and, if considered from the viewpoint of
the highly variable responses of individual mitochondria within the same cell, suggest an
explanation for one of the most puzzling but clinically relevant features of excitotoxicity,
namely that cell death often does not occur until 24–48 h after exposure to a toxic insult. For
example, in cultured hippocampal neurons, toxic over-stimulation of NMDARs for periods
of up to 30 min induces apparent DCD together with massive mitochondrial calcium
accumulation and swelling, the latter presumably indicating MPT [38]. However, because of
the functional variability between mitochondria [88], only a fraction of the mitochondria
were irreversibly damaged, becoming dysfunctional and releasing cytochrome c (Fig. 3); the
remainder rapidly accumulated calcium and became swollen and depolarized, but these steps
were all reversible, such that the majority retained intermembrane proteins and recovered
normal function after stimulus removal. If the permanently damaged fraction exceeded
approximately 35%, the cell ultimately died [38]. This heterogeneity, in which only a sub-
population of mitochondria releases death signals, while others respire and produce ATP
normally, provides an attractive explanation for the delayed nature of excitotoxic death.

There is much current interest in the role that ROS play in cell physiology. Much of the
interest derives from the dual nature of ROS signaling. There is little doubt that various ROS
are important modulators of redox-sensitive cell signaling pathways [89,90], but they also
contribute to oxidative stress during and following excitotoxic injury. Mitochondria are a
major source of ROS, particularly the superoxide radical anion, which is generated as a
result of ‘leakage’ from the respiratory chain [91] and perhaps by other mechanisms [92].
Consequently, mitochondrial ROS production is up-regulated in parallel with ATP
generation when mitochondria take up calcium. However, whether mitochondrial sources of
ROS are a significant component of excitotoxic death mechanisms is controversial [73,93].
It has been argued that, at least for cerebellar granule neurons, glutamate-evoked
mitochondrial calcium uptake per se does not increase ROS production, elevation of which
is only observed after DCD [94,95]. Recent studies concerning the role of oxidative stress in
ischemic and/or reperfusion injury have clarified the time course of the various sources and
mechanisms of ROS generation [65,96]. The emerging view is that mitochondrial sources
are significant only in terms of providing a burst of ROS shortly after insults such as
hypoxia. This phase terminates upon mitochondrial depolarization. Later phases of ROS
production are mediated by xanthine oxidase and NADPH oxidase. The latter may be
especially important as its activity is ramped up during reperfusion.

A role for calcium-rich mitochondrial precipitates
One feature of stimulated NMDA-treated neurons is a dramatic increase in the number and
size of the electron-dense, calcium-rich precipitates within the mitochondrial matrix, even in
unswollen (undamaged) mitochondria. It has been known for decades that mitochondria are
prone to form such precipitates in response to strong calcium loading [36], and that the
chemistry of these precipitates is quite complex, especially with regard to the counter-ions,
e.g. various phosphates, adenine nucleotides, phosphocitrate, and other candidates [32,97].
For many years, the significance of this process has remained unclear, but recent studies
[37–40] have provided new insight into the physical basis and functional consequences of
this phenomenon.

In the context of excitotoxicity, the ability of mitochondria to tolerate huge amounts of
calcium –precisely because it can be immobilized as a precipitate – allows the mitochondria
to function as a protective ‘firewall’, accumulating and sequestering larger calcium loads
before overload triggers mitochondrial dysfunction. However, the amount of calcium that
mitochondria can tolerate, i.e. the calcium loading capacity, essentially defines a
mitochondrion’s injury resistance, is variable and depends, at a minimum, on the activity
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history and energetic state of the cell, as well as the conditions of calcium loading. Why is
this? Almost 50 years ago, it was found that ADP or ATP increase the stability of
mitochondrial precipitates [98]. More recent work has shown that, for both isolated and in
situ brain mitochondria, changing the conditions of precipitate formation affects their
composition and stability. Thus, the amount of precipitate formed and the calcium loading
capacity are both greatly increased in the presence of endogenous MPT inhibitors such as
ADP and ATP [75], while the mitochondrial calcium loading capacity is much larger in
hippocampal neurons that have been ‘pre-conditioned’ to tolerate stronger glutamate
challenges than in naïve neurons (Fig. 4) [84]. Interestingly, in both cases the high Ca/P
ratio of the precipitates, implying a different and more insoluble chemical form, correlates
with increased mitochondrial calcium sequestration capacity. It may be inferred from these
observations that formation of relatively stable precipitates retards MPT, thereby improving
cell survival.

The physiological impact of precipitate solubility manifests itself in another way.
Mobilization of precipitated calcium and its release, even from damaged mitochondria, is a
slow process [75]. Given that mitochondrial Ca2+ release significantly modifies the timing
and spatial characteristics of cytosolic Ca2+ elevations, it seems likely that prolonged release
of precipitated calcium will influence Ca2+ signaling during post-stimulus recovery periods,
i.e. mitochondria may well utilize the precipitates to retain a historical record of previous
activity.

Reconciling the ‘calcium load’ versus ‘route specificity’ hypotheses
There is unequivocal evidence that excitotoxicity is mediated by elevation of cytosolic Ca2+,
and that the level of acute death correlates with the absolute amount of calcium taken up
[99–101]. This information forms the basis of the ‘calcium load’ hypothesis. Other
experiments – for example, studies showing that neurotoxicity triggered by Ca2+ influx
through NMDARs exceeds that triggered by other routes of Ca2+ entry [102] – indicated that
toxicity depends on the activation of specific NMDAR-dependent routes of Ca2+ entry. Such
observations gave rise to the ‘source specificity’ or ‘route specificity’ hypothesis, i.e. the
idea that lethality depends more on how or where calcium enters the cell rather than on how
much enters [102–104].

Over the subsequent 20 years, much additional evidence has emerged in support of both
concepts. For example, concerning route specificity, strong activation of only extra-synaptic
NMDARs in hippocampal neurons has been linked to mitochondrial dysfunction and
excitotoxic death, while synaptic stimulation was found to promote survival [105]. This
information suggest that NMDAR location plays an important role in specifying the
induction of death versus survival pathways. It has also been suggested that subunit
composition, specifically the presence of the NR2B subunit, determines excitotoxicity
[104,106], but this seems to be a developmental phenomenon rather than a manifestation of
route specificity [107–110]. An additional aspect of route specificity is illustrated by the
accumulating evidence that disrupting the post-synaptic density signaling complex in
cortical neurons is modestly neuroprotective against NMDAR-mediated excitotoxicity
[103,111,112]. This observation was recently explained by showing that there exists a
synaptically located injury pathway that is coupled to the post-synaptic density through
Ca2+-activated, neuronal nitric oxide synthetase (nNOS)-dependent p38 mitogen-activated
protein kinase (MAPK) signaling [113].

Until recently, it has been difficult to relate excitotoxicity mechanisms that depend on
generalized calcium overload and mitochondrial dysfunction to route-specific mechanisms.
In particular, the situation was complicated by apparent discrepancies regarding the size of
calcium loads mediated by various routes of entry [19,101–103,105,109,114]. Clarity has
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come from the realization that there are multiple pathways for glutamate-stimulated Ca2+

entry, but toxic stimuli are nonetheless uniformly characterized by an obligatory link to
massive mitochondrial calcium loading, mainly, but not necessarily only, through NMDARs
[109]. These features are illustrated by the data in Fig. 5, which compares calcium loading
via NMDARs and voltage-gated Ca2+ channels (unpublished observations). Application of
fluorescent probes with appropriately low affinities revealed that NMDARs mediate much
higher cytosolic Ca2+ elevations [19,101,114], while direct EMPA measurements in
hippocampal neurons showed that this translates into much higher and injurious
mitochondrial calcium loading (unpublished observations). Nonetheless, Ca2+ entry through
voltage-gated Ca2+ channels can still contribute to excitotoxicity by synergistically adding
to the overall calcium load, especially in cells in which voltage-gated Ca2+ channel
expression is fully developed [109]. All things considered, it appears that calcium loading
and route specificity can be reconciled by invoking the unifying principle that a given route
is toxic precisely because it mediates larger calcium loads.

However, important questions remain. For example, do mitochondria establish privileged
access to Ca2+ entering through (presumably extra-synaptic) NMDARs, as proposed some
time ago [115] and consistent with current concepts of functional Ca2+ signaling
microdomains [4,116]? Given that synaptic and extra-synaptic receptors may have
differential exposure to glutamate under different injury scenarios, how much do NMDAR-
mediated synaptic pathways contribute to cell death in various clinical settings? Do Ca2+-
dependent synaptic death pathways involve mitochondrial dysfunction? The last question is
of some interest in considering how to reconcile the dual toxic and pro-survival activities of
synaptic NMDARs. Soriano et al. [113] suggest that NO-linked synaptic NMDAR signaling
to p38 MAPK is tolerated during normal synaptic activity, but harmful when induced by
chronic over-stimulation. This idea offers an opportunity to test the calcium load hypothesis
in a well-defined route-specific context by asking whether the strength and outcome of
synaptic stimulation are reflected in differential calcium loading and concomitant
mitochondrial dysfunction.

Other mechanisms of injurious calcium entry
As Ca2+ entry through NMDARs is the major trigger for excitotoxic injury, it is
disappointing that anti-excitotoxic therapies targeted to glutamate receptors have so far
failed to protect against ischemic injuries [117,118]. This has led to suggestions that NMDA
receptor-independent pathways of Ca2+ loading might be involved in ischemic death.
Currently attractive candidate pathways include Ca2+-permeable α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) [119], acid-sensing channels [120]
and transient receptor potential channels [121]. With regard to hippocampal injury, there is
much current interest in contributions from AMPARs. The strong neuroprotective effect of
AMPAR antagonists on pyramidal neurons in the CA1 region of the hippocampus days after
global ischemia suggests that selective injury might be mediated by Ca2+ entry via Ca2+-
permeable AMPARs [122]. Presumably, the responsible AMPARs are those in which RNA
editing of GluR2 subunits has not occurred, or those lacking this subunit altogether [123–
125]. In either case, the result is increased Ca2+ permeability of receptors that are normally
Ca2+-impermeable [119,126]. With regard to potential injury mechanisms, there are some
parallels between NMDARs and calcium-permeable AMPARs. For example, both respond
to excessive stimulation by mediating calcium loading and consequent ROS production
[101]. On the other hand, and in contrast to NMDARs, Ca-permeable AMPARs are not
blocked by Mg2+ and are highly permeable to another endogenous cation, Zn2+, which can
be highly toxic [126].

Finally, it has been reported that mitochondrial dysfunction-dependent kainate excitotoxicity
in cerebellar neurons is mediated by Na+ elevation [127]. Elevated Na+ was also proposed to
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be responsible for metabolic compromise and DCD during extended exposures to low
concentrations of NMDA [128]. In addition to mitochondrial calcium loading and oxidative
stress during glutamate exposure, ATP insufficiency due to reduced spare respiratory
capacity has been suggested to play a primary role in excitotoxic neuronal death [129]. We
anticipate that future studies will elucidate the relative contributions and interdependence of
these potentially important mechanisms, especially with regard to clarifying their
relationships to NMDAR-driven excitotoxicity.

Concluding remarks
The ability of in situ mitochondria to accumulate calcium plays an important role in health
and disease. Tightly regulated and finely tuned changes in intracellular Ca2+ concentrations
regulate a host of essential neuronal functions. On the other hand, disruption of Ca2+

homeostasis is a primary mechanism of injury and disease. Neurodegeneration is currently
one of the most intensely investigated areas in the neurosciences, and it has become
increasingly clear that Ca2+ de-regulation, leading to pathologically elevated cytosolic Ca2+,
underlies numerous degenerative conditions. Mitochondrial calcium overload and
subsequent dysfunction are arguably the most important injury processes triggered by
excessively high cytosolic Ca2+. However, while the central role of mitochondrial
dysfunction in degenerative disease is clear, many of the underlying mechanisms are not.
Thus, an important goal of future research will be to obtain a better understanding of how
mitochondria come to be at risk in the first place, and how to reduce this risk.
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Fig. 1.
Energy-filtered TEM (EFTEM) map of mitochondrial calcium distribution in a
depolarization activated frog sympathetic neuron. Left panel: zero-loss structural EFTEM
image of an ultra-thin cryosection prepared from a rapidly frozen frog sympathetic neuron 5
min after termination of a 2 min depolarization with 50 mM K+ [16]. Right panel:
quantitative EFTEM map of the mitochondrial calcium distribution, recorded as described
previously [26]. The field shown contains seven mitochondria, illustrating the general
heterogeneity of mitochondrial calcium accumulation, i.e. some mitochondria (1, 2 and 3)
have taken up little if any calcium, while others (4, 5, 6 and 7) have accumulated much
more. The resolution of the map is high enough to reveal the punctate nature of
mitochondrial calcium sequestration e.g. in mitochondria 6 and 7. Note that neither the
dense pigment granule (G) nor the tear in the section (T) generate mass thickness artifacts in
the calcium map. Note also the large field of view. Scale bar = 1 μm.
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Fig. 2.
Mitochondrial calcium loads persist long after activation of the mitochondrial permeability
transition. Electron micrographs of typical damaged in situ mitochondria of NMDA-treated
cultured hippocampal neurons (upper panel) and calcium-loaded isolated rat brain
mitochondria (lower panel). Isolated mitochondria were calcium-loaded in the presence of
ATP using a continuous infusion protocol. After the abrupt onset of MPT, mitochondria
were further exposed to the protonophore carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (FCCP) and frozen 200 s later (see [75] for experimental details). Both
preparations were high pressure-frozen and freeze-substituted in order to preserve the
calcium-rich precipitates, whose continued presence demonstrates the longevity of
mitochondrial calcium loads. The lower panel also illustrates the variable response of
individual mitochondria to calcium challenge. Scale bar = 500 nm (both panels).
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Fig. 3.
Heterogeneous calcium accumulation within and among individual mitochondria. Electron
micrograph of a high pressure-frozen, freeze-substituted, cultured hippocampal neuron
demonstrating that neighboring mitochondria respond differently to NMDA exposure (100
μM for 30 min). Although all mitochondria took up significant amounts of calcium, as
indicated by the electron-dense calcium- and phosphorus-rich precipitates, some
(arrowheads) have presumably undergone MPT, becoming swollen and releasing matrix
material and apoptogenic proteins, while others (arrows) have not. Scale bar = 500 nm.
Modified from [38]. The diagram below illustrates schematically how this heterogeneity can
account for delayed cell death. Specifically, damaged mitochondria early on release factors
necessary to activate downstream death signaling, but undamaged mitochondria that are not
dysfunctional maintain energy production and other essential mitochondrial functions for the
time period between injury and death.
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Fig. 4.
The variability of mitochondrial calcium loading capacity. Electron micrographs of high
pressure-frozen, freeze-substituted, hippocampal neurons from naïve (left panel) and
NMDA-tolerant (‘pre-conditioned’ [84]) cultures (right panel) after exposure to 100 μM
NMDA. There are few swollen, damaged mitochondria in the tolerant cell, even though the
calcium load is large and comparable to that in naive cells. This damage resistance reflects a
general, experimentally induced increase in the calcium loading capacity. Scale bar = 500
nm (both panels).
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Fig. 5.
Ca2+ entry and cell death are much higher after NMDAR activation than after
depolarization-evoked VGCC activation. The traces show the dose–response of cytosolic
Ca2+ in cultured hippocampal neurons to increasing concentrations of NMDA (μM, as
indicated) in comparison with the strong depolarization-induced Ca2+ entry via VGCCs (90
mM K+ plus 1 μM Bay K 8644 (a calcium channel activator) in 10 mM Ca2+ saline). The
relative death rates at 24 h are given in parentheses. Free Ca2+ was measured using the low-
affinity ratiometric probe fura-4FF. Near-maximal VGCC activation and NMDA at the
lowest dose used (10 μM) elicit similarly small Ca2+ elevations and minimal cell death.
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