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An experiment performed in London nearly 120 years ago, which
by today’s standards would be considered unacceptably sloppy,
marked the beginning of the calcium (Ca?*) signaling saga. Sidney
Ringer [Ringer, S. (1883) J. Physiol. 4, 29-43] was studying the
contraction of isolated rat hearts. In earlier experiments, Ringer
had suspended them in a saline medium for which he admitted to
having used London tap water, which is hard: The hearts con-
tracted beautifully. When he proceeded to replace the tap water
with distilled water, he made a startling finding: The beating of the
hearts became progressively weaker, and stopped altogether after
about 20 min. To maintain contraction, he found it necessary to add
Ca?* salts to the suspension medium. Thus, Ringer had serendipi-
tously discovered that Ca2*, hitherto exclusively considered as a
structural element, was active in a tissue that has nothing to do
with bone or teeth, and performed there a completely novel
function: It carried the signal that initiated heart contraction. It was
a landmark observation, which should have immediately aroused
wide interest. Unexpectedly, however, for decades it attracted no
particular attention. Occasionally, farsighted pioneers argued
forcefully for a messenger role of Ca?*, offering compelling ex-
perimental evidence. Among them, one could quote L. V. Heilbrunn
[Heilbrunn, L. V. (1940) Physiol. Zool. 13, 88-94], who contracted
frog muscle fibers by applying Ca2* salts to their cut ends, but not
to their surfaces. Heilbrunn correctly concluded that Ca?* had
diffused from the cut ends to the internal contractile elements to
elicit their contraction. One could also quote K. Bailey [Bailey, K.
(1942) Biochem. J. 36, 121-139], who showed that the ATPase
activity of myosin was strongly activated by Ca2* (but not by
Mg2*), and concluded that the liberation of Ca?* in the neighbor-
hood of the myosin controlled muscle contraction. Clearly, enough
evidence was there, but only a handful of people had the vision to
see it and to foresee its far-reaching implications. Perhaps no better
example of clairvoyance can be offered than the quip by O. Loewy
in 1959: ““Ja Kalzium, das ist alles!"”

he situation changed abruptly at the end of the 1950s thanks
to some seminal discoveries that paved the way for the
acceptance of what is now called the calcium concept. One was
the demonstration by Weber (1) that the binding of Ca?" to
myofibrils activated actomyosin. Another was the finding in the
laboratories of Ebashi and Lipmann and Hasselbach and Maki-
nose (2-4) that isolated sarcoplasmic reticulum vesicles accu-
mulated Ca?* by using an ATP-energized system. Then, there
was the discovery by Ebashi and Kodama (5) of troponin in
crude tropomyosin preparations, followed by the demonstration
that one of its subunits, troponin C, was the Ca? * receptor that
mediated myofibrillar contraction. One should perhaps also
mention a seldom-quoted yet very important methodological
contribution. This was the synthesis of EDTA and the charac-
terization of its Ca?*-chelating properties by G. Schwarzenbach
and Ackermann (6). It was EDTA that allowed Bozler (7) to
perform in 1954 a key experiment in which the removal of Ca?*
by the chelator relaxed muscle fibers.
Thanks to these early discoveries, interest in the signaling role
of Ca?* started to increase, slowly at first and then more rapidly,
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eventually reaching today’s explosive phase. The element is now
recognized as an essential messenger that accompanies cells
throughout their entire lifespan, from their origin at fertilization,
to their eventual demise at the end of the life cycle. At first
glance, then, Ca? could be considered both an essential mediator
of activity during cell life and as a conveyor of doom at the
moment of cell death. Such a view, however, would be simplistic.
The Ca?*-mediated death of cells exposed to toxic insults has an
obvious negative connotation, but the processing of Ca?* signals
to terminate the cell life by apoptosis is instead a positive and
necessary way to decode the Ca>* signal.

The rapid advancement of the Ca?* field has now swollen the
literature to a size where it would be impossible to cover all of
it in a few pages. Because a number of comprehensive reviews
are available (e.g., refs. 8-11), this contribution will focus only
on the most significant recent advances. The choice will be
unavoidably arbitrary, but it should give readers the feeling for
the most exciting developments in the area.

Background Information

Once Ca’* was recognized as a carrier of signals, it became
important to understand how its concentration within cells was
regulated. Reversible complexation to specific ligands soon
emerged as the only reasonable means to perform the task. A
number of small cell ligands bind Ca?* with low affinity, but the
process needed complex ligands able to complex Ca?* with the
specificity and affinity demanded by the intracellular ambient. A
breakthrough in this direction was the solution of the crystal
structure of parvalbumin by Kretsinger (12) in 1972. This still
functionally mysterious Ca?* binding protein was to become the
progenitor of a family of proteins known as EF hand proteins,
which has now grown to nearly 600 members. EF hand proteins
do buffer Ca?>* but also play another important role: They
decode the information carried by Ca®* and pass it on to targets.
They do so by changing conformation after binding Ca?>" and
after interacting with targets. Fig. 1 shows these changes, using
calmodulin (CaM) as an example. Essentially, EF hand proteins
become more hydrophobic on the surface after complexing
Ca?*, approach the target, and collapse around its binding
domain. Thus, these proteins are better defined as Ca?* mod-
ulated proteins, or Ca?* sensors.

Other proteins also decipher Ca?* signals, e.g., the annexins,
gelsolin, and proteins containing C2 domains, but the EF hand
proteins are the most important. They may function as a
committed separate subunit of a single (enzyme) protein or as
a subunit that associates reversibly with different proteins (e.g.,
CaM). They may even be an integral portion of the sequence of
enzymes (e.g., calpain).
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calmodulin; CRE, cCAMP response element.
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Fig. 1. Decoding of the Ca? * signal by conformational changes in EF hand
proteins (CaM). CaM interacts with a 26-residue binding domain (red peptide,
top right) of a skeletal muscle myosin light chain kinase termed M13. CaM
(left) has bound Ca?* (yellow shares) to its four EF hands. It has already
undergone the change that has made its surface more hydrophobic, but it still
is in the fully extended conformation. The interaction with M13 collapses it to
a hairpin shape that engulfs the binding peptide.

The control of Ca?" concentration in the cytoplasm and
organelles is instead the sole role of proteins that, as a rule, are
intrinsic to the plasma membrane and to the membranes of
organelles (the rule has exceptions, e.g., the reticular luminal
protein calsequestrin) and transport Ca?" across them (Fig. 2).

Fig. 2. The Ca?* transporters of animal cell membranes. Plasma membrane
(PM) channels are gated by potential, by ligands (e.g., neurotransmitters), or
by the emptying of Ca2* stores. Channels in the ER/SR are opened by InsP; or
cADPr (the cADPr channel is sensitive to ryanodine, and is thus called ryano-
dine receptor, RyR). The ER/SR channels are shown with a large domain
protruding into the cytosol. ATPase (pumps) are found in the PM (PMCA) and
in the ER/SR (SERCA). The nuclear envelope, which is an extension of ER,
contains the same transporters of the latter. NCXs are located in the PM (NCX)
and in the inner mitochondria membrane (MNCX). A uniporter driven by the
internal negative potential (—180 Mv) transports Ca2* into mitochondria. A
Ca?* pump has also been described in the Golgi (not shown). Ca2*-binding
proteins are represented with the dumbbell shape typical of CaM.
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These proteins have no direct role in the processing of the Ca2*
signal, but may also be targets of Ca?>" regulation. (an obvious
case is that of Ca?" channels). These proteins belong to various
classes: Ca?* channels in the plasma membrane are gated by
voltage, by ligands, or by the emptying of internal Ca?* stores.
In the endo(sarco)plasmic reticulum (ER/SR), they are instead
activated by the second “messengers,” inositol 1-4-5 trisphos-
phate (InsP3) and cyclic ADP ribose (cCADPr). cADPr is assumed
to act on channels that are also called ryanodine receptors and
that are sensitive to the agonist caffeine. Accessory (protein)
factors, among them CaM, may be required for the Ca’*-
releasing effect of cADPr. ATPases (pumps) are found in the
plasma membrane (PMCA), in the ER/SR Ca?* pump
(SERCA), in the Golgi, and in the nuclear envelope (in yeasts,
they are also found in other organelles). They export Ca?™" to the
ER/SR lumen or to the extracellular spaces. Other transporters
are the Na*/Ca?* exchangers (NCX). Animal cells contain two
NCX types, one in the plasma membrane and one in the inner
membrane of mitochondria, the former being far better under-
stood. In heart, NCX ejects Ca®* after the contraction phase,
whereas the mitochondrial NCX returns to the cytosol the Ca?*
that had been accumulated in the matrix by a still mysterious,
electrophoretic uniporter. The existence of so many diverse
Ca?* transporters is justified by their different properties, which
satisfy all demands of cells in terms of Ca?>* homeostasis; e.g.,
pumps have high Ca?* affinity but limited transport capacity,
and the plasma membrane NCXs have opposite properties.

Based on the background information above some striking
developments in Ca"-signaling will now be discussed. When
necessary, additional general information will be provided to
facilitate the understanding of specific aspects.

Ca%*-Binding Proteins

EF hand proteins bind Ca®* with high affinity to helix-loop-
helix motifs that are repeated from 2 to 12 times. The motifs
normally coordinate Ca?* to side-chain oxygens of invariant
residues occupying positions 1, 3, 5, and 12 of the loop, and to
the carbonyl oxygen of a less conserved residue at position 7.
Position 9 is the side-chain oxygen of a glutamic acid, or a water
oxygen. Variations to the canonical coordination scheme have
been described, e.g., carbonyl oxygens may be preferred to
carboxyl oxygens, oxygens of extra residues may be inserted in a
classical loop altering the coordination scheme, and side-chain
oxygens from neighboring helices may be used instead of loop
oxygens. The recent findings of EF hand proteins in the extra-
cellular ambient deserve a comment. Because extracellular Ca?*
is constantly millimolar, EF hand proteins exposed to it cannot
have a Ca?"-modulated function. Other recent findings have
shown that EF hand proteins may also use diverse Ca?*-binding
motifs. The protease calpain has a C-terminal domain with 4
canonical EF hands (domain IV) and a smaller subunit homol-
ogous to domain IV (domain VI). The three-dimensional struc-
ture of the larger subunit (13, 14) has shown an antiparallel
B-sheet sandwich with an acidic stretch at one end similar to
Ca?*-binding C2 domains, which may form a binding cradle for
Ca?*. Two novel Ca?*-binding motifs have also been identified
next to the catalytic site (15). Thus, the large subunit of calpain
may bind Ca" at up to 7 sites, 4 of them EF hand type, one C2
type, and 2 of a novel type. One last finding that may have very
important implications has emerged from the crystal structure of
diisopropylfluorophosphatase (DPFase) from Loligo vulgaris
(16). Strikingly, of the two Ca?* atoms found in DPFase, one has
the traditional allosteric role, promoting the interaction of
enzyme domains, but the other is tightly bound at the active site
and may participate directly in the catalytic process. Such a role
for Ca?* would be strikingly novel: As is well known, Ca?>* has
never been known to participate directly in catalysis. Another
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interesting aspect of DFPase is the presence of a nitrogen atom
among the atoms that coordinate Ca>*.

A group of EF hand proteins that has recently acquired
prominence is that of the neuronal calcium sensors (NCS) (17).
They are divided in five subfamilies. Two are expressed in retinal
photoreceptors [the recoverins and the guanylate cyclase-
activating proteins (GCAPs)], and three in central neurons and
in neuroendocrine cells (the frequenins, the visinin-like proteins,
and the Kv channel-interacting proteins). Recoverins and
GCAPs have established roles in phototransduction: Recoverin
inhibits rhodopsin kinase, and GCAPs activate GC. The other
three NCS families are proposed to regulate the release of
neurotransmitters, the biosynthesis of polyphosphoinositides,
the metabolism of cyclic nucleotides, and the activity of type A
K* channels. Most NCSs are N-terminally myristoylated. After
complexing Ca?*, they expose the myristoyl residue and hydro-
phobic portions of the sequence, favoring interaction with
membranes (or target proteins). Thus, the Ca?*-myristoyl switch
could be a means to compartmentalize signaling cascades in
neurons and/or to transduce Ca®* signals to the membranes.
Importantly, NCSs are linked to human pathology. One of the
Kv channel-interacting proteins, KChIP3, has a nearly identical
nucleotide sequence to the repressor of transcription DREAM
(18) and to calsenilin, a protein interacting with preselinin,
whose mutations cause familial Alzheimer’s disease (19). GCAP
gene mutations are associated with autosomal dominant cone
distrophy (20-22). Recoverin is involved instead in cancer-
associated retinopathy (CAR) (23, 24). The protein, normally
expressed only in photoreceptors, is also expressed in nonneu-
ronal tumors of patients with CAR, triggering the immunological
response that leads to the degeneration of the photoreceptors.

The Ca?* ATPase of Sarcoplasmic Reticulum (SERCA Pump)

A major breakthrough in the area has been the solution of the
crystal structure of the SERCA pump in the Ca?*-bound
El-state by Toyoshima et al. (25). The structure has validated
and extended a number of former proposals and predictions. The
100-kDa pump, first purified by MacLennan (26) about 30 years
ago, is proposed to span the membrane 10 times and to have 3
cytoplasmic units. The middle unit contains the catalytic aspartic
acid that becomes phosphorylated by ATP as in other P-
ATPases (27). Mutagenesis experiments had identified a num-
ber of residues in transmembrane domains (M) 4, 5, 6, and §,
which would form the path for Ca* across the protein (28). The
2.6-A resolution structure of the pump (Fig. 3) has confirmed the
10 predicted transmembrane helices that had also been shown by
an 8-A structure determined by cryoelectromicroscopy on tu-
bular crystals (29). The three cytosolic domains have been
termed N (nucleotide binding), P (phosphorylation), and A
(actuator, or N-anchoring domain). The ATP binding site in the
N domain and the catalytic aspartic acid in the P domain are
separated by 25 A, but large conformational movements have
been predicted to occur during ATP-energized Ca2°+ transloca-
tion. The fitting of the atomic structure to the 8-A resolution
tubular crystals in the vanadate-inhibited Ca?*-free (E2) state
indeed shows large conformational changes. In the E2 confor-
mation, the cytoplasmic portion of the pump is more compact,
implying that Ca?>* (in the absence of nucleotide) loosens
interactions between the cytosolic domains. The N and P do-
mains come closer to each other (but the complete closure of the
gap between the nucleotide and its target is prevented by
vanadate). The smaller A domain rotates by about 90% to bring
the critically important sequence TGES into the site of aspartic
acid phosphorylation. As predicted by the mutagenesis work, the
two Ca?*-binding sites are defined by M4, M5, M6, and MS.
Although MS is straight, extending out of the membrane bilayer
to the center of the P domain, M4 and M6 are unwound in the
middle to optimize coordination geometry. The two sites are

Carafoli

Fig.3. Crystal structure of the SERCA pump. The structure of the pump is in
the CaZ* bound (E1) form. Details of the structure and of the predicted
motions of the cytosolic domains are discussed in the text. Some important
residues are indicated, including K400, which is the site of interaction with the
regulatory protein phospholamban (PLN).

located side by side at a distance of 5.7 A. Site I is in the space
between M5 and M6 with a contribution from MS, the disruption
of helix 6 around D800 and G801 allowing T799 and D800 to
contribute. Site II is formed almost entirely by carbonyl oxygens
on M4 and, again, by D800 of M6. The unwinding of helix M4
between 1307 and C310 optimizes the coordination geometry of
site IT. The two Ca?*-binding sites are stabilized by H bonding
between coordinating residues and between residues on other
transmembrane helices.

The path for Ca’?* to the binding site may be a cavity
surrounded by M2, M4, and M6, which has a wide cytoplasmic
opening. A row of exposed carbonyl oxygens in the unwound
parts of M4 and M6 pointing toward the cytoplasm provides a
possible hydrophilic path for Ca?*. The Ca?* exit route could be
formed by an area defined by M3, M4, and M5, which also
contains a hydrophilic ring of oxygens.

Toyoshima et al. have now succeeded in growing crystals of the
Ca®*-free (E2) ATPase that diffract to 3.3-A resolution. They
should soon settle open issues and validate predictions, i.e., the
motions of the three cytosolic domains during the transport of
Ca?* and their relationship to the vectorial transport of Ca™.

Ca?* Waves and Oscillations

Ca?* waves initiating in one cell domain and spreading across the
cytoplasm were first observed in 1977 in fertilized oocytes (30).
Sometimes, they even form complex or spiral waves (31). Re-
petitive Ca?* spikes were instead first observed in 1987 in
agonist-stimulated hepatocytes (32) and have now been ob-
served in practically every cell type. Mechanisms to explain the
propagation of the wave are all based on a positive feedback
process, in which the Ca?* increase at the initial site diffuses to
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vicinal stores to activate them to release Ca?", which in turn
diffuses further outwards to hit additional stores (the Ca?*-
induced Ca?" release). As discussed by Berridge and Dupont
(33), the initial release may occur from a store with high
sensitivity to second messenger, e.g., InsP3;, after which the
involvement of additional stores depends on factors like the
Ca?*-diffusion coefficient, the distance between stores, and
their sensitivity.

Repetitive spikes arise from the periodic opening of plasma
membrane channels (34) (membrane oscillators) or from the
periodic emptying of stores (cytosolic oscillator, see ref. 33). The
membrane oscillator may actually be linked to the stores, whose
emptying activates the capacitative Ca>* influx. Cytosolic oscil-
lations are distinguished into sinusoidal or baseline spiking. In
the former, which may be triggered by fluctuations in the level
of InsP3, Ca" oscillates around an elevated plateau. In baseline
spiking, which in many cells is sensitive to changes in external
Ca?" and second messengers, Ca®* instead oscillates around the
resting level. The intimate mechanism for the initiation of the
spiking is still unclear, although a number of plausible mathe-
matical models have been proposed. Berridge et al. (35) have
discussed the elementary events that have been called “sparks”
or “puffs,” the former reflecting the opening of a group of
ryanodine receptors, the latter that of a localized group of InsP;
receptors.

The key question concerning the repetitive transients is their
significance, because the “shape” of the Ca’* signal is an
important factor in the modulation of targets. Oscillations are an
elegant and efficient way to transmit Ca>" signals, while at the
same time avoiding deleterious sustained elevations of Ca?*.
Some Ca?*-sensitive events, e.g., muscle contraction or synaptic
transmission, require the rapid delivery of a spatially confined
signal of high intensity. Other processes require that Ca?>* be
delivered in a form that is not strictly localized and is persistent
over a longer period. These processes demand that the signal
changes from elementary to global (35) to permit the prolonged
exposure of targets to it.

An impressive recent development in the delivery of infor-
mation using oscillatory patterns is that of Ca>*-modulated gene
transcription (see below) (36, 37). The activation of some
transcription factors (NFAT) by repetitive Ca?* spikings in-
duced by the uncaging of InsP; is more effective than by the
sustained Ca" increase induced by the long-lasting opening of
plasma membrane Ca?" channels. Experiments modulating ei-
ther the amplitude or the frequency of the Ca?* oscillations have
shown that transcription factors respond specifically to their
amplitude and frequency, e.g., lower frequency oscillations only
activate NF-«B.

The Versatility of Ca2* Signaling: First, Second, or Third
Messenger?

Outside signals by first messengers act on plasma membrane
receptors inducing the intracellular synthesis (liberation) of
second messengers, or activate the enzymatic function of the
intracellular portion of the receptors, e.g., receptor tyrosine
kinases.

Ca?" is traditionally described as a second messenger liberated
from intracellular stores. However, Ca?* itself may liberate Ca2*
from these stores, thus adding one step to the signaling cascade,
as if the liberated Ca®* were a “third” messenger. To increase
the complexity of the scenario, one could add that activating
Ca?" could come directly from outside rather than from internal
stores. Although another second messenger, e.g., nitrogen mon-
oxide, can also diffuse into cells from outside, Ca?* is clearly
special as a signaling agent, because it can also act on the outside
of cells as a first messenger. Although this last function is also not
unique to Ca?* (the messenger sphingosine-1-phosphate may
also act outside cells), it further emphasizes the unique proper-
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ties of Ca®" as a carrier of signals, and will thus be briefly
described. The secretion of parathormone (PTH) was known to
be sensitive to external Ca?". A cell surface receptor has been
cloned (38) as a seven-transmembrane domain protein with
external acidic regions that could bind Ca?*. The receptor acts
through phospholipase C (it probably also inhibits adenylyl
cyclase) generating InsP; and increasing cellular Ca?*. This
action inhibits the release of PTH. The Ca?" receptor has been
described in other tissues as well, defining Ca®>* as an extracel-
lular “hormone,” possibly specific for cells with special forms of
Ca?* sensitivity, e.g., the release of calciotropic hormones.

The family of messengers acting on Ca?" stores has recently
been enlarged by the discovery of the Ca?*-releasing properties
of nicotinic acid adenine dinucleotide phosphate (NAADP™)
(39, 40). Originally described in sea urchin eggs, the Ca>*-
releasing ability of NAADP™* has later been extended to other
cell types as well (41, 42). In oocytes, NAADP™ liberates Ca?*
from peripheral stores that are linked to extracellular Ca?* (42).
The mobilization of Ca?* by NAADP* may have a triggering
function on that promoted by InsP; and cADPr. Another
important development on Ca?*-linked second messengers con-
cerns InsP;. Although its production had traditionally been
related to the activation of phospholipase C (PLC) by a Gq
protein, earlier work (43) had shown phosphorylation of PLC by
growth factor tyrosine kinases. The work has now been extended
to sperm-induced egg activation (44), showing that a tyrosine
kinase pathway related to an Src-family activates PLC [the y
isoform] to produce InsP; (45).

The Story of Mitochondria and Calcium: Birth, Decline, and
Renaissance

In the prologue, the birth of the Ca?" concept had been traced
back to the discovery of Ca®* transport by SR. The impact of that
discovery has indeed been fundamental. However, well before
the findings on SR, mitochondria had been shown to be able to
transport Ca?*. As early as 1953, Slater and Cleland (46) had
shown that heart mitochondria (at that time still called sarco-
somes) accumulated large amounts of Ca?*, but had concluded
that the process was passive. Two years later, Chance (47) had
observed that Ca?>* uncoupled mitochondrial respiration revers-
ibly, the duration of the uncoupled phase being proportional to
the amount of Ca%* added. Ca?*, he concluded, was somehow
“consumed” during the uncoupling process. Four years later,
Saris (48), having just returned to Finland after a stay in
Chance’s laboratory, published another remarkable observation
in a little-known journal in Finnish. The addition of Ca?* to
isolated mitochondria acidified the medium, suggesting that an
exchange of Ca?* for mitochondrial H* had taken place. Con-
sidering the times, these were sophisticated observations and
conclusions, which indicated that the (possible) uptake of Ca?*
by mitochondria was related to the activity of the respiratory
chain and linked to a transmembrane exchange of positive
charges. In a sense, they anticipated the postulates of the
chemiosmotic theory, which one decade later was to become
dominant in the mitochondrial field. Direct demonstration of
active accumulation of Ca?* by mitochondria was finally pro-
vided in 1961-1962 (49, 50). The process became immediately
popular, and its properties were rapidly explored in a series of
studies. The process was an alternative to ADP phosphorylation
in the usage of respiratory energy. Provided that the amount
accumulated was limited, Ca?>* was maintained within mitochon-
dria in a dynamic state and could be rapidly returned to the
cytosol. However, much larger amounts of Ca®* could be
accumulated if phosphate was also taken up, to precipitate Ca?*
in the matrix as insoluble hydroxyapatite. The energy-dependent
uptake, coupled to the release mediated by exchanger systems
[of which the most important is an NCX (51)], established an
energy-dissipating “mitochondrial Ca?* cycle” (52).
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The early work on mitochondrial Ca?* uptake had been
performed on isolated organelles, i.e., the existence and effi-
ciency of the process in vivo were open to question. Two studies
published at the end of the 1960s demonstrated that the process
indeed occurred in vivo. Rats were injected with *Ca®* and
killed at various intervals after the injection. Mitochondria from
liver (53) and heart (54) were found to contain most of the
radioactivity of the organs, its specific activity being several times
higher than in the ER/SR. The preinjection of the rats with
uncouplers greatly diminished the amount of ¥Ca?" in mito-
chondria, showing that the uptake of +*Ca’* had been energy-
dependent, exactly as in the in vitro experiments. Considering the
later history of the field (see below), this early finding that
mitochondria handled Ca®* in vivo with great efficiency was
remarkable indeed.

These and other findings of the early period have been
summarized in a number of detailed reviews (55, 56). At the end
of the 1970s, mitochondrial Ca?* transport was thus generally
regarded as important to the control of cellular Ca?*. The
process of limited dynamic uptake had one additional essential
task, that of regulating a number of Ca®"-dependent matrix
dehydrogenases (57). As for the ability to storage massive
amounts of insoluble Ca?* salts without undue disturbances to
the free Ca?* concentration in the matrix, it became universally
regarded as a vital device to control situations of temporary
cytosolic Ca?* overload.

This rosy scenario changed rather abruptly at the beginning of
the 1980s, because of a series of findings that eventually rele-
gated the process to essential oblivion. One important finding
was the low affinity of the mitochondrial uptake system: Under
conditions mimicking those of the cytosol, the apparent K, of
the uptake system was probably as high as 10-15 uM (58), a value
obviously at odds with the cytosolic sub-micromolar Ca*>* con-
centration established by the newly introduced fluorescent Ca?*
indicators (59). Another finding was the very limited change in
cytosolic Ca?* observed after promoting Ca?" release from
mitochondria, i.e., the mitochondrial Ca?"* content in situ was
negligible, much smaller than that in the ER (reviewed in ref.
60). Finally, the discovery that the potent second messenger
InsP; mobilized Ca?* from the ER (61), soon to be followed by
similar observations on other Ca?"-mobilizing agents, dealt the
most serious blow to the concept of mitochondria as important
actors in the regulation of cellular Ca?*. At the end of the 1980s,
one could thus summarize the situation as follows. Mitochondria
possessed a sophisticated machinery for transporting Ca?", but
only used it at full capacity where large amounts of Ca?*
mistakenly penetrated into the cell. The futile cycling of Ca?*
across the inner membrane, whose role was that of modulating
the matrix dehydrogenases, consumed in reality marginal
amounts of energy, because the low affinity of the uptake
electrophoretic uniporter kept the working of the cycle at a
minimum.

Then, at the beginning of the 1990s, the pendulum swung
abruptly in the opposite direction, renewing interest in mito-
chondria as cellular Ca?* regulators. The key factor behind the
change was the development of indicators, chiefly aequorin (62)
specifically targeted to organelles, including mitochondria,
which could sense Ca?* changes in “microdomains” of the cell,
rather than in the bulk cytosol. The direct measurement of
mitochondrial Ca?* with targeted aequorin surprisingly showed
that the increase of cytosolic Ca?>" induced by InsPs-linked
agonists was paralleled by the rapid and reversible increase of
mitochondrial Ca?* (63). It soon became clear that the activation
of mitochondrial uptake was the result of the proximity of
mitochondria and ER (64). The release of large amounts of Ca?*
by the latter would create “hotspots” at the mouth of the release
channels in which the Ca?>* concentration could reach 20-30 uM
or more (63, 65, 66) and activate the low affinity mitochondrial
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Fig. 4. The microdomain concept of mitochondrial Ca* transport. Ca2*
penetrating from outside or released from the ER generates restricted do-
mains of high Ca?* concentration (20 uM or more), adequate to activate the
low affinity Ca2* uptake system of neighboring mitochondria. The Ca2*-
releasing agonist shown is InsP3; however, other agonists acting on different
channels (e.g., cCADPr) also generate the Ca2* hotspots.

uniporter: The microdomain concept is presented in Fig. 4 (in
which mitochondria are also seen to sense Ca”" hotspots at the
mouth of plasma membrane Ca?" channels). Mitochondrial
Ca?* overload would not occur, because the Ca>* hotspots
would rapidly disappear by diffusion to the bulk cytosol, shutting
off rapid mitochondrial uptake, and allowing the release ex-
changers to return matrix Ca>* to normal levels. Observations of
this type have now been made after opening other types of Ca*
channels in the organelles (the ryanodine receptors, plasma
membrane Ca®* channels). The rapid uptake of Ca* by mito-
chondria stimulates mitochondrial metabolism, because of the
activation of the Ca?*-sensitive matrix dehydrogenases. It is
paralleled by the rapid increase of NADH levels and of mito-
chondrial ATP production and O, consumption (67).

One last aspect of mitochondrial Ca?* uptake that is attracting
increasing attention is its linkage to apoptosis. Exposure of cells
to proapoptotic treatments induces the release of procaspases
and caspase cofactors from mitochondria, such as cytochrome ¢
and the apoptosis-inducing factor (AIF). A key role is suggested
to be played by the permeability transition pore (PTP), a large
unselective channel whose opening is promoted by a number of
factors, including the concentration of Ca?* in the matrix (68,
69). In cells exposed to proapoptotic treatments, the InsP3-
promoted uptake of Ca?>* by mitochondria induces the opening
of PTP and the release of cytochrome ¢, activating caspases (70).

Calcium in Gene Expression

The transcription factor CREB has been the focus of most of the
work on Ca?" in gene transcription (reviewed in refs. 71 and 72).
CREB binds to the cAMP response element (CRE) and to the
Ca?*-response element (CARE), and is thus activated by both
cAMP and Ca?*. The activation by Ca’* is linked to CaM
kinases, CaMKII phosphorylating both Ser-133 and Ser-144,
CaMKIV only the former. Because the phosphorylation of
Ser-142 is inhibitory, the activation of CREB is essentially
caused by CaMKIV. The transcriptional activation involves the
recruitment of the coactivator CBP by CREB phosphorylated on
Ser-133 (73), a process that is specifically mediated by nuclear
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(not by cytosolic) Ca2* (the control of nuclear Ca?* is a debated
problem that will not be discussed in this review because of space
restrictions). Experiments in which the cytosolic and nuclear
Ca?* pools had been separately manipulated (74) have shown
that the two pools have distinct roles in the regulation of CREB
phosphorylation. Of particular interest to the matter is a very
recent report (75) showing that the mode of entry Ca?* into
cortical neurons specifies the response of gene transcription to
Ca?™. Influx through L-type channels was especially effective in
activating transcription factors CREB and MEF-2. Knockin
experiments have shown that an isoleucine-glutamine (“I1Q”)
motif in the C-terminal portion of the L-channel binds CaM,
which acts as a Ca®* sensor at the mouth of the channel to
activating the mitogen-activated protein kinase (MAPK) path-
way and to convey the transcription activation signal to the
nucleus.

The calmodulin-dependent protein phosphatase calcineurin
has recently come to the forefront in the field of gene transcrip-
tion. In T-lymphocytes overexpressing the transcription factor
NFAT, it dephosphorylates it in the cytoplasm and transfers it
to the nucleus (76). A similar mechanism also functions in other
cells, e.g., in yeast the transcription factor cr21p is also translo-
cated to the nucleus in this way (77). In neurons, calcineurin
instead becomes activated by Ca”* penetrating into the cell as a
result of brief bursts of synaptic activity and dephosphorylates
phosphatase inhibitor I, inhibiting it. This derepresses protein
phosphatase I, which dephosphorylates CREB to inhibit tran-
scription (78). Longer lasting stimulations instead maintain
CREB in the phosphorylated state, because of the inactivation
of calcineurin by oxygen radicals produced under these condi-
tions. Interestingly, calcineurin also regulates the transcription of
genes that code for some of the Ca?* transporters. In cerebellar
granule neurons, it mediates the rapid transcriptional down-
regulation of specific isoforms of the PMCA pumps and of the
NCXs (79, 80).

Ca?" can also regulate transcription without the intermedia-
tion of kinases and phosphatases, as in the case of the EF hand
protein DREAM (downstream regulatory element antagonist
modulator) (18). The expression of the prodynorphin gene is
controlled by the downstream regulatory element (DRE) (81),
which binds Ca?>*-free DREAM, silencing the gene. When a
DREAM tetramer binds Ca?* it dissociates from DRE, allowing
gene transcription to resume. Interestingly, DREAM may also
have a role outside the nucleus, because its sequence is nearly
identical to that of a neuronal calcium sensor acting on K*
channels and to that of calsenilin, a protein that may be involved
in familial Alzheimer’s disease.

Calcium and Memory

Memory storage is thought to be linked to processes that change
the strength of synaptic transmission, i.e., long-term potentiation
(LTP), which is the prolonged increase in transmission efficiency
caused by short trains of high frequency stimulation and long-
term depression (LTD), which is the sustained decrease of
transmission caused by the brief activation of an excitatory
pathway. The molecular equivalent of the memory storage
process is assumed to be the structural modification of synaptic
proteins, among which CaMKII is the most attractive candidate
(82). Ca?* is thus now compellingly suggested to be involved in
the mechanism of memory. CaMKII accounts for about 2% of
the total hippocampal protein and for about 0.25% of the total
brain protein (83). It is the most abundant protein in the
postsynaptic density, a structure physically connected to domains
of the postsynaptic membrane containing the ionic channels that
mediate synaptic transmission. But what makes CaMKII partic-
ularly suited to “remember” synaptic events is its autophosphor-
ylation process, which converts it to a functionally modified state
that essentially self-perpetuates. Thus, the memory of the syn-
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aptic event that has induced the change is retained, even if
posttranslational modifications of proteins (in this case, phos-
phorylation) are reversible, and even if the lifetime of proteins
is finite. CaMKII contains 6-12 identical or slightly different
monomers, with an autoinhibitory domain positioned at the
active site. The domain is removed by CaM, exposing a threonine
(Thr-286) that may become phosphorylated by a vicinal mono-
mer made catalytically active by the binding of CaM. Binding is
initiated by a Ca?* spike whose limited duration only permits
interaction with some of the subunits. Phosphorylation of Thr-
286 greatly increases the affinity of the subunit for CaM, which
remains bound at the end of the Ca?* spike. When it eventually
dissociates, the phosphorylated subunit remains active. Each
(brief) Ca?* spike will induce the binding of CaM to an
increasing number of subunits: Those that happen to have a
vicinal subunit with exposed Thr-286 would phosphorylate it and
make it permanently active, irrespective of whether CaM re-
mains bound. If a new spike occurs within 10-20 sec, CaM would
bind to some “free” subunits, increasing the chance that those
that had retained CaM from the previous transient would now
have a vicinal subunit to phosphorylate. Evidently, the key factor
is the frequency of the Ca?* spikes, which must occur at intervals
short enough to prevent CaM dissociation. CaMKII thus de-
codes the frequency of Ca?>" oscillations, transducing it into
discrete increases of kinase activity. It is easy to see that the
modification that had induced the increase in activity becomes
self-perpetuating, overcoming even the turnover of the protein.
Newly synthesized subunits could be assembled into the holoen-
zyme and enter the chain of autophosphorylation events.

The interplay between LTP and CaMKII activity in the
hippocampus, which is the main site of memory formation and
storage, is now supported by ample evidence. The induction of
LTP in hippocampal slices induces Ca?*-independent CaMKII
activity (84), whereas the targeted disruption of the CaMKII
gene inhibits hippocampal LTP and impairs spatial memory (85,
86). LTP effects have also been reported by overexpressing a
mutated form of CaMKII made independent of Ca?* (Thr-286
— Asp) in restricted regions of the brain of mice whose CaMKII
gene had been disrupted (87). In addition to hippocampus, other
brain regions are also involved in memory. The processes
responsible for memory in cortical networks are less well un-
derstood, but also seem to involve LTP and CaMKII. Mice
heterozygous for a null mutation of the kinase show normal
learning and memory 1-3 days after training in hippocampus-
independent tasks, but their memory is severely affected at
longer times (10-50 days). These heterozygous mice have nor-
mal hippocampal LTP but impaired cortical LTP, indicating that
CaMKII controls the consolidation of memory in cortical net-
works (88).

The interplay between Ca?* and memory formation and
consolidation has recently revealed unexpected complexities.
Much excitement now centers on work showing that Ca’*
regulates both LTP and LTD, i.e., it may determine whether
memory is strengthened or weakened (89, 90). Ca?" transients
of different height induced in hippocampal neurons by modu-
lating Ca?* influx with glutamate iontophoresis (90) typically led
to LTD in the range 180-500 nM, but induced LTP above 500
nM. Unexpectedly, an intermediate “Ca?"-silent” zone was
identified between about 450 and 600 nM in which neither LTD
nor LTP were induced. Another recent study has shown that the
reduction of postsynaptic Ca®* influx into hippocampal neurons
by partially blocking glutamate receptors converted LTP into
LTD (91) and induced loss of input specificity, with LTD
appearing at heterosynaptic inputs. Inhibition of Ca* release by
InsP5 receptors, primarily located in the dendritic shaft and in
the soma, converted LTD to LTP and eliminated heterosynaptic
LTD, whereas the blockade of ryanodine receptors, which are
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assumed to operate within the dendritic spines, eliminated only
homosynaptic LTD.

Ca?* Signaling and Disease

Sustained increases of cell Ca?>* to the micromolar range are
obviously deleterious to the signaling function of Ca?". When
injurious conditions increase the permeability of the plasma
membrane allowing abnormal Ca?" influx, mitochondria try to
cope with the cytosolic Ca?* overload and may save the cell if
the noxious agent is removed rapidly. Otherwise, a point of no
return will eventually be reached past which the cell dies
because of the activation of Ca?*-dependent hydrolytic en-
zymes, e.g., proteases. Subtler forms of pathology linked to
Ca?* signaling have also been recognized, e.g., the degener-
ation of the retina caused by gene defects of neuronal calcium
sensors (see above). Calpain has also been involved in human
pathology. The disruption of the gene for muscle isoform p94
(calpain IIT) causes limb girdle muscular distrophy type 2A
(92), whereas genetic variations in the gene for another
isoform lacking the C-terminal Ca?>"-binding domain (calpain
10) favors the onset of type 2 diabetes (93).

Muscle disturbances resulting in prolonged Ca?* overload
have been linked to SERCA pump and ryanodine receptor
defects. Malignant hyperthermia (MH) is a genetic disease in
which inhalational anestethics induce skeletal muscle rigidity
and extreme hyperthermia (among other symptoms). A leak in
the Ca’*-releasing ryanodine receptor of SR explains the
symptoms. Nearly 30 mutations linked to the defect have been
described in the RYRI gene (94, 95). Central core disease
(CCD) is a myopathy usually associated with MH, character-
ized by hypotonia, proximal muscle weakness, and lack of
oxidative or phosphorylase activity in the central “core” of
type I and type II muscle fibers. CCD is also linked to
mutations in the RYRI1 gene (95), clustered in the same
regions where the MH mutations also cluster. The chronic
depletion of the SR Ca?* store because of the leakiness of the
RYRI receptor may explain the muscle weakness and leads to
damage to the core of the fibers where compensatory mech-
anisms cannot maintain the homeostasis of Ca®*. Brody’s (96)
disease, instead, is characterized by muscle cramping and
exercise-induced impairment of relaxation. In the cases linked
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to defects in the gene for SERCAL1 (which are not all of the
cases), it is inherited as an autosomal recessive trait. The
defects lead to the loss of SERCAL1 activity (97). The Ca?*
concentration in the sarcoplasm may be normal, but the time
required to restore it to the normal level after induced release
may increase severalfold (98). Analysis of the SERCAL1 gene
has revealed either premature stop codons or deleterious point
mutations in about half of the affected families (99, 100).
Defects in the genes for the four isoforms of the PMCA pumps
have also been described. PMCA2 and 3 are restricted to
nervous cells, e.g.,, PMCAZ2 is very abundant in the outer hair
cells of the organ of Corti. Recent work on knockout mice (101)
and on mice with a phenotype characterized by hearing defects
that could be models for hereditary hearing loss in humans (102,
103) has revealed PMCAZ2 defects. One is caused by an E — K
mutation affecting a conserved residue in transmembrane do-
main 4 that could be a component of the transprotein Ca* path.
Other defects are a G — S mutation at a highly conserved
location and a 2-bp replacement that produces a truncated

pump.

Concluding Remarks

Ca?* has come a long way from the old days of London tap water
and is now known to control a myriad of key cell processes. The
succinct survey above has followed the development of the Ca?*
concept up to its present stage of explosive growth, discussing the
developments that I considered as the most significant. Other
topics, e.g., fertilization, apoptosis, protein phosphorylation,
genetic Ca?* channelopathies, and the matter of nuclear Ca?*
control, would have certainly been covered if space had permit-
ted. Hopefully, this minireview will be a stimulus to read more
about Ca?*.
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