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exchangers (NCKX; SLC24A1-5) exchange one Ca2+ 
ion for three Na+ ions (NCX) or cotransport one K+ ion 
with one Ca2+ ion in exchange for four Na+ ions (NCKX). 
Running in their “forward” modes, inward (depolariz-
ing) Na+ current drives Ca2+ extrusion. The high-affinity, 
low-capacity PMCAs and the low-affinity, high-capac-
ity Na+/Ca2+ (!K+) exchangers complement each other. 
The PMCAs are effective at maintaining low internal 
[Ca2+] over long durations, whereas NCX and NCKX can 
make the rapid adjustments needed during generation 
of action potentials in neurons (Hilgemann et al., 2006). 
Calmodulin can substantially increase both PMCA Ca2+ 
affinity and ATPase pump rate.

Opening the Ca2+ Floodgate
Voltage-gated Ca2+-selective channels (CaVs) are the 
fastest Ca2+ signaling proteins and initiate dramatic 
changes within a single cell (Figure 3B). Each channel 
conducts roughly a million Ca2+ ions per second down 
the 20,000-fold gradient; a few thousand channels/cell 
can effect >10-fold changes in intracellular levels within 
milliseconds. Like transistors, the triggering messengers 
are the photons of the electromagnetic field. The chan-
nel’s antenna is a paddle-shaped helix-turn-helix loop 
containing positively charged residues (usually arginines) 
(Long et al., 2005). A change in voltage moves the paddle 
that in turn pulls the channel “gate” open. Hodgkin and 

Huxley first documented that, unlike transistors, conduc-
tances in biological membranes can be highly selective. 
Calcium selectivity is a consequence of moderately high-
affinity Ca2+ binding in the pore of the channel. Based on 
mutagenesis of Ca2+ channels and inferences from other 
Ca2+-binding proteins such as Ca2+-ATPases, seven oxy-
gens contributed by aspartate and glutamate side chains 
are likely to form the Ca2+ cage (Gouaux and Mackinnon, 
2005). In the presence of normal extracellular [Ca2+], Ca2+ 
block is essential for selectivity as only Ca2+ can bind and 
then enter the pore. When external Ca2+ is removed, Ca2+ 
channels become nonselective and allow Na+ and K+ to 
transit the membrane.

Cell-to-Cell Signaling
The simplest type of Ca2+ compartmentalization is 
established by the cell’s plasma membrane. Ca2+ sig-
naling occurs between cells in two ways. First, cellular 
Ca2+ autonomy can be circumvented by gap junction 
(connexin) channels, as often occurs in epithelia and 
always in cardiomyocytes. More commonly, cell-to-cell 
signaling is effected by transmitter-gated, usually Ca2+ 
permeant, ion channels (e.g., NMDA, nicotinic, puriner-
gic ionotropic). Voltage-gated Ca2+ channels (CaV) rap-
idly increase periplasmic [Ca2+] that in turn trigger pro-
tein-fusion machines (e.g., synaptotagmins and SNARE 
complexes), enabling vesicles containing transmitter 

Figure 3. Maintaining and Using Ca2+ Gradients for Signaling
(A) The cytoplasmic Ca2+ level is low in resting cells. Cytoplasmic [Ca2+] is maintained at ?100 nM by extrusion via plasma membrane Ca2+ ATPase 
(PMCA) and smooth endoplasmic reticular Ca2+ ATPase (SERCA) transporters. The Na/Ca exchanger (NCX), a major secondary regulator of [Ca2+], 
is electrogenic, exchanging three Na ions for one Ca2+. Intracellular Ca2+ hyperpolarizes many cells by activating K+ channels, and in some cells, 
Cl! channels. This decreases CaV channel activity but increases the driving force across active Ca2+-permeant channels.
(B) The core of the Ca2+ signaling network. In excitatory Ca2+ signaling, plasma membrane ion channels are triggered to open by changes in volt-
age, or extra- or intracellular ligand binding. When open, ?1 million Ca2+ ions/s/channel flow down the 20,000 fold [Ca2+]i gradient (ECa ? +150 mV), 
maintained by elements shown in (A). Initial increases in [Ca2+] trigger more release, primarily from ER via Ca2+-sensitive ryanodine receptors (RyR). 
G protein-coupled receptor (GPCR) or receptor tyrosine kinase-mediated activation of PLC cleaves PIP2 into inositol (1,4,5) trisphosphate (IP3) and 
diacylglycerol (DAG). IP3 is a ligand for the intracellular IP3R channel spanning the membrane of the ER. GPCRs catalyze the exchange of guanosine 
diphosphate (GDP) for GTP on G" subunits, releasing active G" and G#$ subunits that in turn activate PLC#. RTKs dimerize upon ligand binding, 
autophosphorylate, and interact with other signaling proteins to activate PLC$.
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Segnali di Ca2+: dai singoli eventi 
alla risposta cellulare 

pulsatile with a variable frequency. As we discuss later,
microdomains are highly restricted in time and space
and enable local control of a diverse range of cellular
processes (Fig. 1A). Further complexity comes from the

presence of many Ca2+ effectors, each possessing the
ability to bind to, and be regulated by, Ca2+ through
regions such as the ‘EF hand motif’ or ‘C2 domains’
[1,2].

Fig. 1. Calcium signaling events and microdomains. Schematic summary of a cell with respect to the processes, organelles and proteins

involved in Ca2+ homeostasis. Generally accepted values of Ca2+ concentration for resting (black) and stimulated (green) states are given.

Instances where Ca2+ enters (through plasma membrane Ca2+ channels, e.g. VGCCs) or is released into the cytosol (through the opening of

IP3Rs and RyRs), are depicted with green arrows, whereas uptake (SERCA, mitochondrial Ca2+ uniporter and Golgi SPA) and extrusion

(PMCA and NCX) pathways are illustrated with red arrows. (A) Ca2+ that enters the cytosol has many fates; it can either bind to cellular

Ca2+ buffers, can be extruded, can be taken up into organelles or it can bind to one of many Ca2+ effectors to influence many cellular

processes [48]. (B) Elementary Ca2+ release events and the formation of Ca2+ waves [34]. For simplicity, elementary release events involving

IP3Rs are depicted although, the principles can be transposed onto Ca2+ signals resulting from the opening of RYRs. (C) Mitochondrial Ca2+

homeostasis. The principal pathways for mitochondrial Ca2+ influx and efflux are shown as is the relationship between the mitochondria and

neighbouring organelles such as the ER and Golgi. Figure adapted from Marchant & Taylor [34], Berridge et al. [48] and Berridge [175].
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Generation of Ca2+
signals that can be
small or large in
amplitude, restricted
to a small
microdomain or
global across the cell.
Ca2+ signals can be
of variable duration
lasting from a few
milliseconds to many
hours
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Calcium ions (Ca2+) control and influence a diverse
array of cellular processes such as muscle contraction,
gene expression, energy metabolism, proliferation and
cell death. In order to extensively control cellular activ-
ity, it is necessary to regulate Ca2+ signals (changes in
Ca2+ concentration) in 3D space, time and amplitude.
Cells normally maintain a low resting ‘free’ Ca2+ con-
centration in the cytosol ([Ca2+]c) of ! 100 nm. This
contrasts with 1 mm in the extracellular fluid of terres-
trial animals and ! 10 mm in seawater. In order to
achieve this low resting [Ca2+]c, cells remove Ca2+

using two energy-dependent mechanisms. First, plasma
membrane Ca2+ ATPases (PMCA) pump Ca2+ out of
the cell against a concentration gradient, consuming
ATP in the process. Second, the Na+–Ca2+ exchanger

(NCX) uses the electrochemical Na+ gradient; one
Ca2+ being extruded for every three Na+ ions enter-
ing. In addition, eukaryotic cells can sequester Ca2+

into intracellular organelles, in particular the endoplas-
mic reticulum (ER). Organellar Ca2+ sequestration
requires either ATP hydrolysis or a favourable electro-
chemical gradient.

Ca2+ channels in the plasma membrane or release
channels on Ca2+-containing organelles help deliver
Ca2+ to the required cellular location. This enables the
generation of Ca2+ signals that can be small or large in
amplitude, restricted to a small microdomain or global
across the cell. Ca2+ signals can be of variable duration
lasting from a few milliseconds to many hours
(Fig. 1A). They can either be simple Ca2+ elevations or
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Ca2+ regulates a multitude of cellular processes and does so by partition-
ing its actions in space and time. In this review, we discuss how Ca2+

responses are constructed from small quantal (elementary) events that have
the potential to propagate to produce large pan-cellular responses. We
review how Ca2+ is compartmentalized both physically and functionally,
and describe how each organelle has its own distinct Ca2+-handling prop-
erties. We explain how coordination of the movement of Ca2+ between
organelles is used to shape and hone Ca2+ signals. Finally, we provide a
number of specific examples of where compartmentation and localization
of Ca2+ are crucial to cell function.
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Elementary calcium events (blips, puffs...)

Two main types:
� those involving IP3

receptors (IP3Rs), which
are responsible for Ca2+
‘blips’ and ‘puffs’ in non-
excitable cells;

� and Ca2+ ‘quarks’ and
‘sparks’ in muscle, which
primarily involve
ryanodine receptors
(RYRs).
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pulsatile with a variable frequency. As we discuss later,
microdomains are highly restricted in time and space
and enable local control of a diverse range of cellular
processes (Fig. 1A). Further complexity comes from the

presence of many Ca2+ effectors, each possessing the
ability to bind to, and be regulated by, Ca2+ through
regions such as the ‘EF hand motif’ or ‘C2 domains’
[1,2].

Fig. 1. Calcium signaling events and microdomains. Schematic summary of a cell with respect to the processes, organelles and proteins

involved in Ca2+ homeostasis. Generally accepted values of Ca2+ concentration for resting (black) and stimulated (green) states are given.

Instances where Ca2+ enters (through plasma membrane Ca2+ channels, e.g. VGCCs) or is released into the cytosol (through the opening of

IP3Rs and RyRs), are depicted with green arrows, whereas uptake (SERCA, mitochondrial Ca2+ uniporter and Golgi SPA) and extrusion

(PMCA and NCX) pathways are illustrated with red arrows. (A) Ca2+ that enters the cytosol has many fates; it can either bind to cellular

Ca2+ buffers, can be extruded, can be taken up into organelles or it can bind to one of many Ca2+ effectors to influence many cellular

processes [48]. (B) Elementary Ca2+ release events and the formation of Ca2+ waves [34]. For simplicity, elementary release events involving

IP3Rs are depicted although, the principles can be transposed onto Ca2+ signals resulting from the opening of RYRs. (C) Mitochondrial Ca2+

homeostasis. The principal pathways for mitochondrial Ca2+ influx and efflux are shown as is the relationship between the mitochondria and

neighbouring organelles such as the ER and Golgi. Figure adapted from Marchant & Taylor [34], Berridge et al. [48] and Berridge [175].
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� Stimulation of cell-surface receptors leads to the
activation of phospholipase C, hydrolysis of
phosphatidylinositol bisphosphate and the
formation of IP3. IP3 binds to IP3Rs on the ER,
depending upon the IP3R state, the number of IP3
molecules and bound Ca2+ ions, the IP3R–Ca2+
channel opens and Ca2+ enters the cytoplasm to
form a so-called ‘elementary release event’.
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the most simple event:
� ‘Ca2+blip’ (or ‘quark’ for RYRs), which arises

from the opening of single IP3Rs (or RYRs).
They last for 200 ms, have an amplitude < 30
nM and depending upon the cytosolic
environment, spread for no more than a
couple of micrometres
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� The second event:
� Ca2+ ‘puff’, forms from the coordinated Ca2+ release

from a population or cluster of IP3Rs and is analogous
to the Ca2+ ‘sparks’ observed as a result of RYR
stimulation by Ca2+ in cardiomyocytes. ‘Puff’ events
spread no more than 6 um, have typical amplitudes of
200 nM and last for 500 ms. Modelling has suggested
that clustering of 40–70 IP3Rs may underlie a puff
event
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The third event is:
� regenerative Ca2+ ‘wave’ resulting from the spatiotemporal

summation of Ca2+ puffs which can spread rapidly
throughout the cell. The combination of cytoplasmic Ca2+
buffering and reuptake mechanisms act to restrict the Ca2+
signals. Only when these sinks are overcome does a Ca2+
signal spread. Subsequently, the diffusion rate of Ca2+
through the cytosol is relatively slow (10–50 um2/s) and
organelles can profoundly modify a spreading Ca2+ wave.
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� Ca2+ release from RYRs is generally brought by Ca2+-
induced Ca2+-release (CICR), that is activated when
1–10 uM Ca2+ is adjacent to the receptor and is
inhibited when Ca2+ is 1–10 mM, the exact effects
depending upon the RYR isoform.

� Ca2+ release from RYRs can also be triggered or
enhanced by cyclic ADP-ribose (cADPr) although the
effect of cADPr on specific RYR isoforms is debatable
and its precise mode of action remains unclear.
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� Detailed studies on the relations
between IP3 and Ca2+ indicate
that, like the RYR, the IP3R can
also be considered to act via
CICR. The IP3R cannot release
Ca2+ even in saturating IP3 if the
surrounding Ca2+ is < 50 nM.
Like RYRs, IP3Rs are inhibited by
elevated [Ca2+]c (10–100 um).
This CICR-like behaviour is
crucial in the initiation and
propagation of Ca2+ signals
across the cytoplasm and can
lead to Ca2+ oscillations as seen
in hepatocytes, endothelial cells
and pancreatic acinar cells.



Physical Ca2+ compartments
As with [Ca2+]c, organellar

Ca2+ is dynamic and
through a diverse array
of uptake and release
mechanisms organelles
play a major role in
generating, modulating
and decoding Ca2+
signals. Of the many
compartments present
within a cell, early
attention was focused
on the roles of the
sarco-endoplasmic
reticulum and the
mitochondria.
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However, Ca2+ also accumulates in acidic
organelles and secretory granules. Within
the nucleus, the pattern of Ca2+ signals
can differ from those seen within the
cytoplasm.



Callular compartimentalization of
Ca2+ signals

Dense packing of the cell with organelles,
Ca2+ buffers and sinks means that
Ca2+ does not diffuse easily across the
cell. Rather, Ca2+ signals that spread
throughout the cell do so by
propagation. This enables Ca2+ signals
to be restricted to particular cytosolic
domains unless they reach a threshold
to allow propagation.


