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Cytosolic calcium (Ca?*) oscillations are vastly flexible cell signals that convey information regulating
numerous cellular processes. The frequency and amplitude of the oscillating signal can be varied

infinitely by concerted actions of Ca®* transporters and Ca2*-binding proteins to encode specific messages
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that trigger downstream molecular events. High frequency cytosolic Ca?* oscillations regulate fast
responses, such as synaptic transmission and secretion, whereas low frequency oscillations regulate slow
processes, such as fertilization and gene transcription. Thus, the cell exploits Ca%* oscillations as a signal-
ling carrier to transduce vital information that controls its behaviour. Here, we review the underlying

biochemical mechanisms responsible for generating and discriminating cytosolic Ca®* oscillations.

© 2010 Elsevier Inc. All rights reserved.

1. The history of Ca?* oscillations

The first piece in the calcium (Ca?*) signalling jigsaw puzzle was
laid by Sydney Ringer more than a century ago, in 1883, when he
discovered that hearts contracted in London tap water but failed
to do so in distilled water [1,2]. Since then thousands of publica-
tions have reported Ca?* signals in various cell types. Cytosolic
Ca?* signals appear in many shapes and can simply be classified
as transient, sustained or oscillatory signals. Proteins within the
cell have the capacity to decipher information in these multifac-
eted Ca?* signals and subsequently activate different cellular pro-
grams. The oscillatory Ca?* signals make a class of its own, since
the frequency and amplitude can be varied infinitely. Identifying
the first report describing cell signalling via Ca®* oscillations is dif-
ficult because the role of Ca®* oscillations as information carrier
was not known at that time. Maybe the first article presenting
cytosolic Ca®* oscillations as a signalling mechanism was published
by Endo et al. in 1970 and demonstrated ryanodine receptor (RyR)
regulated Ca®* oscillations in skeletal muscle fibres [3]. A few years
later in 1976 another central paper by Kuba et al. speculated that
membrane potential oscillations in neurons were driven by Ca%*
[4]. Later this and other important studies [5] on Ca?*-dependent
membrane potential fluctuations were concluded to be the effect
of cytosolic Ca%* oscillations. One of the earliest studies to directly
show cytosolic Ca?* oscillations in single cells, using the Ca?* sen-
sitive fluorescent protein aequorin, was published by Ridgway
et al. in 1976 [6].

The field of Ca?* oscillations entered a new era after 1983 when
inositol-1,4,5-trisphosphate (InsP;) was discovered to release Ca®*
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from nonmitochondrial intracellular stores [7]. Among all of the
prominent researchers that have contributed to the general under-
standing of Ca* signalling, Michael Berridge is probably the one that
stands out the most with his groundbreaking discoveries on
InsP;-mediated Ca®*-release and his many excellent reviews [7-9].
However, despite more than 120 years of active research in the field
of Ca®* signalling there are still many missing pieces in the jigsaw
puzzle.

2. Generation of cytosolic Ca®* oscillations

The Ca®*-ion is the most widespread cation in the human body
and it is uniquely suited for signal transduction [9,10]. With a low
cytosolic resting concentration, ~10~7 M, and a high extracellular
concentration, ~10~3 M, Ca?* fluctuations can be generated and
detected with only a relatively small increment of Ca?* added to
the cytoplasm. Increase in the cytosolic Ca** concentration is dri-
ven by the aforementioned large gradient, ~10% and occurs via in-
flux through integral plasma membrane channel proteins or
through release from channels located on intracellular compart-
ments (discussed below). High sustained levels of Ca* in the cyto-
plasm are toxic to the cell and can result in cell death through both
necrosis and apoptosis [11]. Cells have therefore developed trans-
porters that quickly clear Ca?* increases from the cytoplasm (dis-
cussed below).

The low basal cytosolic Ca®* concentration is kept in equilib-
rium through a delicate balance between influx and efflux of
Ca®*. However, the equilibrium can be perturbed in many ways
(discussed below) causing more Ca®*-ions to enter the cytoplasm
than are cleared. Clearing mechanisms in the cell then try to
rapidly restore the low resting concentration of cytosolic Ca?*. If
successful, a Ca®* transient is generated, and if not, the high
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concentration of Ca®* will drive the cell into apoptosis or necrosis.
Under certain conditions, when the Ca?* regulatory system is dis-
turbed, the cell can only partly restore the low Ca* level. The cell’s
inability to regulate and maintain a low steady state concentration
of Ca®* will result in trains of periodic Ca®* transients. This Ca%*
oscillatory signal is generated by concerted actions of distinct cel-
lular Ca?* transporters and can have large spatial and temporal
variations depending on the type of stimuli and cellular context.
If the intracellular Ca%* concentration remains disturbed, different
transcription programs are activated that fine-tune the Ca?* regu-
latory machinery to regain control of the cytosolic Ca%* level.

Despite the many reports on Ca?* oscillations, a unifying mech-
anism generating the oscillatory response has not been fully
elucidated. It is also not clear how the frequency of the oscillatory
signal is set. However, there are demonstrations of cell mecha-
nisms altering the Ca®* oscillation frequency [12-15]. Crosstalk be-
tween parallel cellular signalling pathways, for example cyclic
AMP signalling, can affect the frequency of Ca?* oscillations
[14,16].

3. Ca?*-increase mechanisms

The oscillatory signal is initiated when the equilibrium in the
basal cytosolic Ca®* level is perturbed somehow. This can occur
when the cell senses extracellular stimuli that result in activation
of channels that transport Ca®* into the cytoplasm (Fig. 1). Such
channels are located either in the plasma membrane or in the
membrane of the endoplasmic/sarcoplasmic reticulum (ER/SR).
The nature of the perturbating stimuli is diverse, including mem-
brane voltage alterations, cell-to-cell interactions, and extracellu-
lar substances that bind specific receptors.

Channels in the plasma membrane that transport Ca2* into the
cytoplasm are voltage-dependent Ca%* channels and receptor regu-
lated ionotropic Ca* channels (Fig. 1). Changes in membrane po-
tential activates Ca®* influx through voltage-dependent Ca®*
channels, that perturb the basal Ca?* equilibrium which can result
in cytosolic Ca®* oscillations [17]. Glutamate, the major excitatory
neurotransmitter in the brain, acts on the ionotropic Ca?* channels
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-p-aspartate (NMDA). Both AMPA and NMDA
receptor activation have been reported to induce Ca" oscillations
[18]. Adenosine Triphosphate (ATP), which activates the purinergic
P2X ionotropic Ca?* channels and metabotropic P2Y receptors
(P2YR), is also known to trigger Ca®* oscillations [19]. Other well
known plasma membrane metabotropic receptors that trigger cyto-
solic Ca?" oscillations include the muscarinic Acetylcholine recep-
tors (mAChR) [20] and the metabotropic Glutamate receptor 5
(mGIuR5) [21]. In addition, activation of receptor tyrosine kinases
(RTKs) is likewise known to trigger cytosolic Ca* oscillations [15].

Cytosolic Ca®* can also increase upon release of Ca?* from intra-
cellular ER/SR Ca?* stores. The release occurs mainly through InsP;
receptors (InsP3Rs) and RyRs (Fig. 1).

The ubiquitous InsPsR is a Ca®*-release channel on intracellular
ER Ca?* stores that plays an important role in cytosolic Ca®* signal-
ling [22], in both excitable and non-excitable cells. The InsP3R gene
encodes a ~2700 amino-acids (1000 kDa) protein with ~5% com-
posing the ion conduction pore and ~95% potential recognition
sites for interacting proteins [23]. Binding of a ligand to metabotro-
pic receptors, such as P2YR, mAChR, and mGluR5, or RTKs leads to
the activation of phospholipase C (PLC) which catalyses the hydro-
lysis of phosphatidylinositol 4,5-bisphosphate (PIP;) to produce
InsP; and diacylglycerol. When InsP; binds to the InsPsR it causes
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Fig. 1. Cartoon illustrating the main mechanisms involved in the generation of cytosolic Ca?* oscillations. Cytosolic Ca®* oscillations are generated through the concerted
action of cellular mechanisms that increase (red) and decrease (blue) the concentration of Ca?* in the cytoplasm. Oscillatory signals are initiated by stimuli that trigger entry
of external Ca®* through receptor (R) or voltage (AV) gated Ca®* channels in the plasma membrane or by activation of receptors (R) that stimulate PLC and InsP;-mediated
Ca%*-release from the ER/SR. When the cytosolic level of Ca%* increases, Ca" itself stimulates InsPsRs and/or RyRs to release further Ca?* into the cytoplasm. During this phase,
Ca?* buffers bind Ca?* which contributes to the decrease in the cytosolic concentration of free Ca**. When the Ca?* concentration reaches high levels, the plasma membrane
Ca?*-ATPase (PMCA) and Na*/Ca®*-exchanger (NCX) extrude Ca®* to the outside, whereas the ER/SR Ca?*-ATPase (SERCA) pumps Ca®* back into the ER/SR.
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a conformational change that opens an integral Ca?* channel, allow-
ing Ca®* to flow out in the cytoplasm. Three subtypes (type 1-3) with
cell specific expression patterns and different affinities for InsPs,
Ca?*, and nucleotides have been discovered [22,24]. Both InsP5; and
Ca?* are required to open InsPsRs. Depending on the cellular context,
the InsP5R can respond to Ca®* in a bell-shaped fashion [25-27], a
crucial property for the activation of a regenerative signal. The
InsP3R can also be phosphorylated by multiple kinases [24], modu-
lating its properties and further fine-tuning oscillatory signals.

The RyR is a critical intracellular Ca®*-release channel in all
excitable cells [28]. In muscle cells it drives the essential process
of excitation-contraction coupling. The RyR protein is composed
of ~5000 amino-acids (560-600 kDa) and contains mainly two do-
mains: a large (80%) N-terminal regulatory domain and a small C-
terminal channel domain. Cloning of the RyR gene indicated that
three subtypes (RyR1-3) coexist with tissue-specific expression
patterns. The main activator of RyR is Ca" itself, with a Kg in the
high 10~° M range, although dependent on the subtype. As for
the InsPsR, excess Ca%* has an inhibitory effect on the RyR (see be-
low), depending on the subtype and cell type. Cyclic ADP ribose, a
common second messenger, activates RyRs, whereas binding of, for
example, caffeine, FK506 and ryanodine modulates Ca?*-release via
diverse molecular mechanisms [9,28].

A mechanism generally accepted to play a key role in generating
Ca?* oscillations is the positive feedback of Ca* itself in a process
called Ca?*-induced Ca®*-release (CICR) [3,9,10]. This feedback
mechanism amplifies the signal and acts on both InsPsR and RyR.
However, when the cytosolic level of Ca®" increases above 10°-
10~> M, binding of Ca?*-ions to inhibitory sites inhibits further re-
lease from InsPs;R and RyR (negative feedback).

When internal Ca?* stores are depleted, a mechanism called
store-operated Ca®* (SOC) entry is activated, which causes Ca?* to
enter the cytoplasm, and ultimately ER/SR via Ca®*-ATPases (SER-
CA), through plasma membrane channels (reviewed in [29]). This
SOC entry is mainly found in non-excitable cells and is regulated
by the STIM1 and Orail proteins. STIM1, located in the ER mem-
brane, senses the ER depletion and activates the SOC channel Orail,
located in the plasma membrane.

4. Ca**-decrease mechanisms

As mentioned earlier, a sustained high cytosolic Ca?* concentra-
tion is toxic to the cell. Therefore, the cell has developed mecha-
nisms to clear high levels of cytosolic Ca®* (Fig. 1). Excess of Ca%*
is mainly pumped into ER/SR stores via the SERCA or removed from
the cell across the plasma membrane by Ca**-ATPases (PMCAs).
The Na*/Ca®*-exchanger (NCX) can also transport Ca%* out of the
cell, depending on the ionic gradients across the membrane. Sup-
porting these mechanisms, the mitochondrial uniporter acts to
rapidly clear excess of cytosolic Ca?* loads before slowly releasing
Ca?* back to the cytoplasm where it is dealt with by the aforemen-
tioned pumps. These pumping mechanisms are activated at differ-
ent concentrations of cytosolic Ca%* and have different transport
rates. The SERCA and PMCA have high affinities and low transport
rates while the mitochondrial uniporter and NCX have lower affin-
ity and high transport rates [9]. Thus, cells are able to express var-
ious combinations of these Ca?* pumps that suit their specific Ca®*
signalling needs. For example, cells that are producing fast Ca®*
oscillations, such as cardiomyocytes, have PMCA isoforms
(PMCA2a and PMCA3f) with high transport rates, whereas cells
that produce slower Ca®* oscillations to activate proliferation ex-
press pumps (PMCA4b) that pump with low transport rates [30].

As mentioned previously, the CICR feedback mechanism has
also a negative variant as Ca?* inhibits further release from RyR
and InsPsR, at high cytosolic concentrations of Ca?* [9,10]. Among
the three subtypes of InsP3Rs, different characteristics in response

to Ca®* have been reported, where only the type 1 InsP5R is exclu-
sively inhibited by high concentrations of Ca*. High levels of Ca%*
do not inhibit the type 3 InsP3R when activity is measured in pla-
nar lipid bilayers [31], whereas the type 2 InsPsR is inhibited by
high Ca?* in an intact cellular context [26]. A similar situation
can be found amongst the RyR subtypes, where RyR1 seems to
be the most sensitive to negative Ca** feedback [9,28].

There are several proteins within the cell that temporally and
spatially fine-tune the cytosolic Ca?" oscillatory signal. The human
genome encodes ~200 different Ca?*-binding proteins [10]. These
proteins, such as parvalbumin, calbindin, and calretinin, have differ-
ent buffering capacities as well as cellular expression patterns and
contribute to decreasing the cytosolic concentration of free Ca%*
[9]. The Ca**-binding sites of these proteins start to become occu-
pied already during the rising phase of the Ca?* transient when
Ca%*-ions enter the cytoplasm. Unloading of the proteins occur dur-
ing the recovery phase. Gap junctions in the plasma membrane can
also participate to decrease high levels of Ca?* in the cytoplasm and
thereby modulate the oscillatory signal by transporting excess of
Ca?* and/or small molecules such as InsP; to neighbouring cells [32].

5. Decoding Ca?* oscillations

When a Ca®" signal propagates through the cytoplasm of the
cell, several Ca®* sensors can translate the signal into cellular re-
sponses. Amplitude and frequency modulation are then exploited
to encode the signal to carry information [33]. A number of pro-
teins have been proposed as decoders of Ca®* oscillations of which
calmodulin (CaM) has been most extensively studied [34]. CaM is a
ubiquitously expressed dumbbell-shaped 17 kDa protein with each
globular end containing two EF-hands connected by a flexible o-
helix [34]. Virtually all Ca?*-binding proteins have the same EF-
hand Ca?*-binding domain, which consists of a twelve residue loop
flanked on both sides by a twelve residue a-helix. Ca®* binds CaM
with a Ky around 10~ M, making it an ideal Ca?* sensor. Upon
binding Ca?*, CaM undergoes a conformational change, exposing
hydrophobic residues that facilitate interactions of the Ca?*/CaM
complex with numerous target proteins, thereby potentially regu-
lating their functionalities [35]. Ca%*/CaM targets include several
ion channels (in particular InsPsR and RyR), pumps, transcription
factors, and various rate-limiting enzymes. Among the target sig-
nalling proteins regulated by Ca?*/CaM is a family of Ser/Thr pro-
tein kinases known as CaM-kinases (CaMKs), of which CaMKII
has been proposed as a decoder of Ca®* oscillations [36]. The bio-
chemistry behind the decoding mechanism is not yet fully under-
stood. However, autophosphorylation of CaMKII will take place if
the magnitude or duration of the Ca%* increase is right. The auto-
phosphorylation occurs if two molecules of Ca®*/CaM bind to two
subunits on the same enzyme, one binds to a given subunit and
activates it, while the second one binds to a neighbouring subunit,
causing a conformational change that makes Thr286 available to
its neighbour for phosphorylation. When CaMKII is phosphorylated
it will remain active for several minutes even after the cytosolic
Ca?" concentration has returned to its basal level. If the next Ca?*
increase in the oscillatory signal is activated before all CaMKII
are dephosphorylated, a frequency dependent accumulative effect
is achieved. Thus, CaMKII can integrate the Ca®" transients over
time in an oscillatory signal, provided that they fall within the time
window for dephosphorylation of the kinase. These properties give
CaMKII the capacity to decode frequencies in Ca?* oscillations.

6. Biological processes regulated by Ca®* oscillations

There are numerous reports of biological events activated by
cytosolic Ca®" oscillations. In Table 1 we have listed a few recent
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Table 1

Various biological processes regulated by cytosolic Ca* oscillations.
Biological process Cell type Inducer Period Ref{(s)
Insulin secretion Pancreatic B-cells Glucose 10-210s [12,41]
Cell growth Cardiac progenitors Spontaneous® ~3 min [13]
Gene expression (NFAT) Cardiomyocytes Spontaneous® 5-35s [15]
Interleukin production Macrophages ATP ~12 min [19]
Fertilization Mouse eggs Sperm, ATP 10-40 min [39]
Gene expression (c-fos) Mast cells Leukotriene Cy4 ~1 min [42]
Gene expression (VCAM1) Vascular endothelial cells Artificial® 1-10 min [43]
Hypertrophy Cardiomyocytes Spontaneous? 2-4s [44]
Glomerular filtration Mesangial cells Angiotensin II ~9s [45]
Pulmonary hypertension Smooth muscle cells 5-HT/KCl 6-20s [46]
Neurite outgrowth Neuroblastoma cells Testosterone ~50s [47]
Dendritic growth Cortical neurons QOuabain ~20s [48]
Gene expression (Ras, ERK) Hela cells Artificial® ~2 min [49]
Substrate rigidity Mesenchymal stem cells Spontaneous?® ~2 min [50]

2 Spontaneous Ca** oscillations are self-induced without any applied drug.
b Artificially induced Ca®* oscillations.

examples of biological processes in different cell types that are reg-
ulated by cytosolic Ca* oscillations. One of the most extensively
studied and spectacular event controlled by Ca?* oscillations is
the fertilization of the egg (reviewed in [37,38]). This discovery
can be traced back almost one hundred years when egg activation
was observed following injection of Ca?" into the egg through a
needle [10,37]. When the sperm interacts with the egg it triggers
Ca?* oscillations that continue for several hours [39]. The sperm in-
jects PLC, into the egg to stimulate the production of InsP3 that
activates the InsPsR [40]. The resulting Ca?* oscillation triggers
the developmental programme by activating the enzymatic
machinery involved in cell division. Thereafter a spontaneous
Ca?* transient triggers cleavage of the one-cell embryo to form
two daughter cells.

7. Conclusion

Cytosolic Ca®* oscillations represent a highly diverse signalling
system that regulates numerous processes in all cell types. Work
to date has identified many proteins and mechanisms that trigger
and modulate this universal signalling pathway. However, much of
the molecular basis of the initiation, regulation and discrimination
of Ca?* oscillations remains to be addressed. The rapid develop-
ment in live cell imaging and bio-probes will surely further our
understanding of the nature and biochemistry of Ca®* oscillations.

Acknowledgments

We apologize to the many scientists whose work we were not
able to credit due to space restrictions. In most cases, reviews have
been cited at the expense of the original work. Per Uhlén’s research
is supported by the Swedish Research Council (Dnr 2005-6682 and
DBRM), the Foundation for Strategic Research (CEDB), Knut and
Alice Wallenberg Foundation (CLICK and Research Fellow), The
Royal Swedish Academy of Sciences, Fredrik and Ingrid Thuring’s
Foundation, Ake Wiberg’s Foundation, Magnus Bergvall’s Founda-
tion, and the Swedish Society for Medical Research. Nicolas Fritz’s
research is supported by Swedish Research Council (Dnr 2007-
8155). The authors wish to thank Professor Sir Michael Berridge
for valuable communication and Dr. Emma R. Andersson for critical
reading.

References

[1] E. Carafoli, The calcium-signalling saga: tap water and protein crystals, Nat.
Rev. Mol. Cell Biol. 4 (2003) 326-332.

[2] S.Ringer, A further contribution regarding the influence of the different constit-
uents of the blood on the contraction of the heart, ]. Physiol. 4 (1883) 29-42.

[3] M. Endo, M. Tanaka, Y. Ogawa, Calcium induced release of calcium from the
sarcoplasmic reticulum of skinned skeletal muscle fibres, Nature 228 (1970)
34-36.

[4] K. Kuba, S. Nishi, Rhythmic hyperpolarizations and depolarization of
sympathetic ganglion cells induced by caffeine, J. Neurophysiol. 39 (1976)
547-563.

[5] M.J. Berridge, W.T. Prince, Transepithelial potential changes during stimulation
of isolated salivary glands with 5-hydroxytryptamine and cyclic AMP, J. Exp.
Biol. 56 (1972) 139-153.

[6] E.B. Ridgway, A.C. Durham, Oscillations of calcium ion concentrations in
Physarum polycephalum, ]. Cell Biol. 69 (1976) 223-226.

[7] H. Streb, RF. Irvine, MJ. Berridge, I. Schulz, Release of Ca®* from a
nonmitochondrial intracellular store in pancreatic acinar cells by inositol-
1,4,5-trisphosphate, Nature 306 (1983) 67-69.

[8] MJ. Berridge, Inositol trisphosphate and calcium signalling mechanisms,
Biochim. Biophys. Acta 1793 (2009) 933-940.

[9] M.J. Berridge, M.D. Bootman, H.L. Roderick, Calcium signalling: dynamics,
homeostasis and remodelling, Nat. Rev. Mol. Cell Biol. 4 (2003) 517-529.

[10] E. Carafoli, L. Santella, D. Branca, M. Brini, Generation, control, and processing
of cellular calcium signals, Crit. Rev. Biochem. Mol. Biol. 36 (2001) 107-260.

[11] S. Orrenius, B. Zhivotovsky, P. Nicotera, Regulation of cell death: the calcium-
apoptosis link, Nat. Rev. Mol. Cell Biol. 4 (2003) 552-565.

[12] P.O. Berggren, S.N. Yang, M. Murakami, A.M. Efanov, S. Uhles, M. Kohler, T.
Moede, A. Fernstrom, I.B. Appelskog, C.A. Aspinwall, S.V. Zaitsev, O. Larsson,
L.M. de Vargas, C. Fecher-Trost, P. Weissgerber, A. Ludwig, B. Leibiger, L. Juntti-
Berggren, CJ. Barker, ]. Gromada, M. Freichel, 1.B. Leibiger, V. Flockerzi,
Removal of Ca?* channel beta3 subunit enhances Ca?* oscillation frequency
and insulin exocytosis, Cell 119 (2004) 273-284.

[13] ]. Ferreira-Martins, C. Rondon-Clavo, D. Tugal, J.A. Korn, R. Rizzi, M.E. Padin-
Iruegas, S. Ottolenghi, A. De Angelis, K. Urbanek, N. Ide-Iwata, D. D’Amario, T.
Hosoda, A. Leri, J. Kajstura, P. Anversa, M. Rota, Spontaneous calcium
oscillations regulate human cardiac progenitor cell growth, Circ. Res. 105
(2009) 764-774.

[14] Y.V. Gorbunova, N.C. Spitzer, Dynamic interactions of cyclic AMP transients
and spontaneous Ca(2+) spikes, Nature 418 (2002) 93-96.

[15] P. Uhlen, P.M. Burch, C.I. Zito, M. Estrada, B.E. Ehrlich, A.M. Bennett, Gain-of-
function/Noonan syndrome SHP-2/Ptpn11 mutants enhance calcium
oscillations and impair NFAT signaling, Proc. Natl. Acad. Sci. USA 103 (2006)
2160-2165.

[16] A. Tengholm, E. Gylfe, Oscillatory control of insulin secretion, Mol. Cell.
Endocrinol. 297 (2009) 58-72.

[17] M. Chevalier, P. Lory, C. Mironneau, N. Macrez, J.F. Quignard, T-type CaV3.3
calcium channels produce spontaneous low-threshold action potentials and
intracellular calcium oscillations, Eur. J. Neurosci. 23 (2006) 2321-2329.

[18] O. Garaschuk, J. Linn, ]. Eilers, A. Konnerth, Large-scale oscillatory calcium
waves in the immature corteX, Nat. Neurosci. 3 (2000) 452-459.

[19] PJ. Hanley, B. Musset, V. Renigunta, S.H. Limberg, A.H. Dalpke, R. Sus, KM.
Heeg, R. Preisig-Muller, J. Daut, Extracellular ATP induces oscillations of
intracellular Ca** and membrane potential and promotes transcription of IL-6
in macrophages, Proc. Natl. Acad. Sci. USA 101 (2004) 9479-9484.

[20] N. Fritz, N. Macrez, J. Mironneau, L.H. Jeyakumar, S. Fleischer, J.L.. Morel,
Ryanodine receptor subtype 2 encodes Ca?* oscillations activated by
acetylcholine via the M2 muscarinic receptor/cADP-ribose signalling
pathway in duodenum myocytes, J. Cell Sci. 118 (2005) 2261-2270.

[21] S. Kawabata, R. Tsutsumi, A. Kohara, T. Yamaguchi, S. Nakanishi, M. Okada,
Control of calcium oscillations by phosphorylation of metabotropic glutamate
receptors, Nature 383 (1996) 89-92.

[22] K. Mikoshiba, IP3 receptor/Ca?* channel: from discovery to new signaling
concepts, J. Neurochem. 102 (2007) 1426-1446.

[23] C.U. Choe, B.E. Ehrlich, The inositol 1,4,5-trisphosphate receptor (IP3R) and its
regulators: sometimes good and sometimes bad teamwork, Sci. STKE 363
(2006) re15.



32 P. Uhlén, N. Fritz/Biochemical and Biophysical Research Communications 396 (2010) 28-32

[24] R.L. Patterson, D. Boehning, S.H. Snyder, Inositol 1,4,5-trisphosphate receptors
as signal integrators, Annu. Rev. Biochem. 73 (2004) 437-465.

[25] 1. Bezprozvanny, J. Watras, B.E. Ehrlich, Bell-shaped calcium-response curves
of Ins(1,4,5)P3- and calcium-gated channels from endoplasmic reticulum of
cerebellum, Nature 351 (1991) 751-754.

[26] N. Fritz, J. Mironneau, N. Macrez, J.L. Morel, Acetylcholine-induced Ca(2+)
oscillations are modulated by a Ca(2+) regulation of InsP (3)R2 in rat portal
vein myocytes, Pflugers Arch. 456 (2008) 277-283.

[27] R. Taufiq Ur, A. Skupin, M. Falcke, C.W. Taylor, Clustering of InsP3 receptors by
InsP3 retunes their regulation by InsP3 and Ca?*, Nature 458 (2009) 655-659.

[28] R. Zalk, S.E. Lehnart, A.R. Marks, Modulation of the ryanodine receptor and
intracellular calcium, Annu. Rev. Biochem. 76 (2007) 367-385.

[29] J.W. Putney, Capacitative calcium entry: from concept to molecules, Immunol.
Rev. 231 (2009) 10-22.

[30] AJ. Caride, A.G. Filoteo, A.R. Penheiter, K. Paszty, A. Enyedi, ].T. Penniston,
Delayed activation of the plasma membrane calcium pump by a sudden
increase in Ca®*: fast pumps reside in fast cells, Cell Calcium 30 (2001) 49-57.

[31] R.E. Hagar, A.D. Burgstahler, M.H. Nathanson, B.E. Ehrlich, Type III InsP3
receptor channel stays open in the presence of increased calcium, Nature 396
(1998) 81-84.

[32] G.C. Lin, J.K. Rurangirwa, M. Koval, T.H. Steinberg, Gap junctional
communication modulates agonist-induced calcium oscillations in
transfected HeLa cells, J. Cell Sci. 117 (2004) 881-887.

[33] M.J. Berridge, The AM and FM of calcium signalling, Nature 386 (1997) 759-
760.

[34] D. Chin, A.R. Means, Calmodulin: a prototypical calcium sensor, Trends Cell
Biol. 10 (2000) 322-328.

[35] J. Lisman, H. Schulman, H. Cline, The molecular basis of CaMKII function in
synaptic and behavioural memory, Nat. Rev. Neurosci. 3 (2002) 175-190.

[36] G. Dupont, A. Goldbeter, CaM kinase II as frequency decoder of Ca*
oscillations, Bioessays 20 (1998) 607-610.

[37] S.E. Webb, A.L. Miller, Calcium signalling during embryonic development, Nat.
Rev. Mol. Cell Biol. 4 (2003) 539-551.

[38] M. Whitaker, Calcium at fertilization and in early development, Physiol. Rev.
86 (2006) 25-88.

[39] K. Campbell, K. Swann, Ca®" oscillations stimulate an ATP increase during
fertilization of mouse eggs, Dev. Biol. 298 (2006) 225-233.

[40] C.M. Saunders, M.G. Larman, ]. Parrington, L. Cox, J. Royse, L.M. Blayney, K.
Swann, F.A. Lai, PLC zeta: a sperm-specific trigger of Ca(2+) oscillations in eggs
and embryo development, Development 129 (2002) 3533-3544.

[41] O. Dyachok, O. Idevall-Hagren, ]. Sagetorp, G. Tian, A. Wuttke, C. Arrieumerlou,
G. Akusjarvi, E. Gylfe, A. Tengholm, Glucose-induced cyclic AMP oscillations
regulate pulsatile insulin secretion, Cell Metab. 8 (2008) 26-37.

[42] ]. Di Capite, S.W. Ng, A.B. Parekh, Decoding of cytoplasmic Ca(2+) oscillations
through the spatial signature drives gene expression, Curr. Biol. 19 (2009)
853-858.

[43] L. Zhuy, Y. Luo, T. Chen, F. Chen, T. Wang, Q. Hu, Ca®" oscillation frequency
regulates agonist-stimulated gene expression in vascular endothelial cells, J.
Cell Sci. 121 (2008) 2511-2518.

[44] M. Colella, F.Grisan, V.Robert, ].D. Turner, A.P. Thomas, T. Pozzan, Ca** oscillation
frequency decoding in cardiac cell hypertrophy: role of calcineurin/NFAT as Ca%*
signal integrators, Proc. Natl. Acad. Sci. USA 105 (2008) 2859-2864.

[45] Z. Feng, C. Wei, X. Chen, J. Wang, H. Cheng, X. Zhang, Q. Hong, S. Shi, B. Fu, R.
Wei, Essential role of Ca®" release channels in angiotensin Il-induced Ca®*
oscillations and mesangial cell contraction, Kidney Int. 70 (2006) 130-138.

[46] J.F. Perez, M.J. Sanderson, The contraction of smooth muscle cells of
intrapulmonary arterioles is determined by the frequency of Ca?* oscillations
induced by 5-HT and KCl, J. Gen. Physiol. 125 (2005) 555-567.

[47] M. Estrada, P. Uhlen, B.E. Ehrlich, Ca?" oscillations induced by testosterone
enhance neurite outgrowth, J. Cell Sci. 119 (2006) 733-743.

[48] L. Desfrere, M. Karlsson, H. Hiyoshi, S. Malmersjo, E. Nanou, M. Estrada, A.
Miyakawa, H. Lagercrantz, A. El Manira, M. Lal, P. Uhlen, Na, K-ATPase signal
transduction triggers CREB activation and dendritic growth, Proc. Natl. Acad.
Sci. USA 106 (2009) 2212-2217.

[49] S. Kupzig, S.A. Walker, P.J. Cullen, The frequencies of calcium oscillations are
optimized for efficient calcium-mediated activation of Ras and the ERK/MAPK
cascade, Proc. Natl. Acad. Sci. USA 102 (2005) 7577-7582.

[50] TJ. Kim, J. Seong, M. Ouyang, ]. Sun, S. Lu, ]J.P. Hong, N. Wang, Y. Wang,
Substrate rigidity regulates Ca®* oscillation via RhoA pathway in stem cells, J.
Cell Physiol. 218 (2009) 285-293.



	Biochemistry of calcium oscillations
	1. The history of Ca2+ oscillations
	2. Generation of cytosolic Ca2+ oscillations
	3. Ca2+-increase mechanisms
	4. Ca2+-decrease mechanisms
	Decoding Ca2+ oscillations
	Biological processes regulated by Ca2+ oscillations
	Conclusion
	Acknowledgments
	References


