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Spatiotemporal dynamics of Ca2þ signaling and its physiological roles

By Masamitsu IINO�1,†

(Communicated by Masanori OTSUKA, M.J.A.)

Abstract: Changes in the intracellular Ca2þ concentration regulate numerous cell functions

and display diverse spatiotemporal dynamics, which underlie the versatility of Ca2þ in cell signal-

ing. In many cell types, an increase in the intracellular Ca2þ concentration starts locally, propa-
gates within the cell (Ca2þ wave) and makes oscillatory changes (Ca2þ oscillation). Studies of the

intracellular Ca2þ release mechanism from the endoplasmic reticulum (ER) showed that the Ca2þ

release mechanism has inherent regenerative properties, which is essential for the generation of
Ca2þ waves and oscillations. Ca2þ may shuttle between the ER and mitochondria, and this

appears to be important for pacemaking of Ca2þ oscillations. Importantly, Ca2þ oscillations are

an ef�cient mechanism in regulating cell functions, having e�ects supra-proportional to the sum
of duration of Ca2þ increase. Furthermore, Ca2þ signaling mechanism studies have led to the

development of a method for speci�c inhibition of Ca2þ signaling, which has been used to identify

hitherto unrecognized functions of Ca2þ signals.
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Introduction

Intracellular Ca2þ concentration ([Ca2þ]i) is kept

extremely low at resting conditions with approxi-
mately a 1:10,000 ratio compared to the extracellular

Ca2þ concentration. Upon various stimuli to the

cells, [Ca2þ]i increases due to Ca2þ in�ux via the
plasma membrane and/or release of Ca2þ from the

intracellular store to regulate various cell functions.

Thus, [Ca2þ]i functions as a cellular switch. This no-
tion was �rst established in skeletal muscle cells.1),2)

Subsequently, a long list of cell functions that are

switched on by Ca2þ signals has been compiled, and
the switching time and switching distance within the

cell are extremely diverse (Fig. 1). The versatility of

Ca2þ signals has fascinated many investigators and
has been studied extensively. Furthermore, there

should be many hitherto unrecognized functions

that are regulated by Ca2þ signals. In this review, I
would like to summarize how the studies on the

switching mechanisms of Ca2þ signals evolved, refer-

ring to our work centering on the intracellular Ca2þ

release mechanism. There have been extensive studies

on Ca2þ signaling in striated muscle cells; that is, ex-

citation-contraction coupling. Readers are referred to
numerous excellent reviews on this subject.3)–6) Here,

I would like to concentrate on Ca2þ signaling in non-

striated-muscle cells. The Ca2þ in�ux pathways are
also important for the generation of Ca2þ signals,

but a full account of the trans-plasmalemmal path-

ways is out of the scope of this review.

1. Ca2þ signal and cell functions

Recent studies on Ca2þ signaling have been
greatly in�uenced by imaging methods owing to the

advent of �uorescent Ca2þ indicators.7) Indeed, it

can be said that the importance of spatiotemporal
distribution of intracellular signaling molecules was

�rst systematically recognized in Ca2þ signaling

studies. Although �uorescence Ca2þ imaging was ini-
tially carried out in cultured cells or isolated single
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cells, this method was gradually applied to tissue

preparations. We �rst imaged Ca2þ signals in vascu-

lar smooth muscle cells within the intact arterial tis-
sue, which consists of endothelial, smooth muscle and

sympathetic nerve layers from the inside to the out-

side of arterial walls.8) Electrical stimulation of the
perivascular sympathetic nerve network results in

the contraction of smooth muscle cells, mimicking the

vascular response to the sympathetic nerve activity.
When we imaged the Ca2þ signaling in Ca2þ

indicator-loaded vascular smooth muscle cells receiv-

ing input from the perivascular sympathetic nerves,
we found that the spatiotemporal characteristics of

the Ca2þ response of vascular smooth muscle cells

were extremely dynamic (Fig. 2A).8) In the initial
Ca2þ response shown in Fig. 2Ab, all the cells re-

sponded rather uniformly. This Ca2þ response was

insensitive to a-adrenergic antagonists, and is due to
purinergic P2X receptor stimulation by the sym-

pathetic co-transmitter ATP released from the nerve

endings. However, the purinergic response faded
away rapidly due to receptor desensitization. In the

following responses (Fig. 2Ac{f ), wave-like increases

in [Ca2þ]i (Ca2þ waves) traversed within the spindle-
shaped smooth muscle cells along their longitudinal

axis. Ca2þ waves occurred repeatedly during stimula-

tion with intervals to generate oscillatory changes
in [Ca2þ]i (Ca2þ oscillations, Fig. 2B). These Ca2þ

waves and oscillations were blocked by a-adrenergic

antagonists. Similar Ca2þ dynamics were also ob-

served when noradrenaline, the sympathetic nerve

transmitter, was directly applied to the arterial tis-
sue. Interestingly, the frequency of Ca2þ oscillations,

rather than their amplitude, increased with increas-

ing concentration of noradrenaline (Fig. 2C). In
other words, vascular smooth muscle contraction

seems to be regulated by the frequency of Ca2þ oscil-

lations (frequency modulation).
It has been shown that many other cell func-

tions are regulated by Ca2þ oscillations. Indeed,

Ca2þ oscillation is one of the most ubiquitous forms
of Ca2þ signaling.9) Following from this, a couple of

fundamental questions arise; primarily, how are Ca2þ

oscillations generated? And is there any advantage to
regulating cell functions through Ca2þ oscillations?

2. Potentiation of intracellular Ca2þ

release by Ca2þ

Agonist-induced breakdown of phosphatidyl

inositol 4,5-bisphosphate generates inositol 1,4,5-
trisphosphate (IP3), which releases Ca2þ from the

intracellular stores.10) Today, IP3-induced Ca2þ re-

lease is known to underlie Ca2þ oscillations in many
cell types, including vascular smooth muscle cells.

However, a simple signaling mechanism involving re-

ceptor activation, IP3 generation, and Ca2þ release is
not suf�cient to cause oscillatory changes in [Ca2þ]i.

There must be a complex mechanism to explain

Fig. 1. Switching time and distance of Ca2þ signals in various cell functions. Boxes, representing each cell function, indicate
approximate period of time and distance regulated by Ca2þ signals.
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how IP3-induced Ca2þ release becomes oscillatory.
Studies on the basic properties of IP3-induced Ca2þ

release have provided clues to this question.

Inspired by the �rst report on IP3-induced Ca2þ

release in pancreatic acinar cells,11) I examined

whether IP3 had the same Ca2þ releasing activity in

smooth muscle cells. The initial results were quite
disappointing, and very little Ca2þ releasing activity

of IP3 was observed despite extensive e�orts. I was

about to conclude that IP3-induced Ca2þ release
plays no major role in smooth muscle cells, when I

realized that I had always applied IP3 in the virtual

absence of Ca2þ. A breakthrough was brought about
when IP3 was applied with a sub-micromolar con-

centration of Ca2þ, which markedly enhanced IP3-

induced Ca2þ release (Fig. 3A).12),13) As shown in
Fig. 3B, the application of either IP3 or Ca2þ alone

resulted in almost no Ca2þ releasing activity. Only

when both IP3 and Ca2þ were applied simultaneously
was there an activation of Ca2þ release.12)–14) Follow-

ing further increase in the Ca2þ concentration, there

was an inhibition of Ca2þ release around 1 mM (Fig.
3C). These results made it clear that there is a bell-

shaped dependence of IP3-induced Ca2þ release on

the cytoplasmic Ca2þ concentration.13) This original
�nding in smooth muscle cells was then reproduced

in various cell types.15)–19)

The bell-shaped Ca2þ dependence is the steady-
state property of IP3-induced Ca2þ release. It is also

important to study the time-dependence of the e�ect

of Ca2þ. Thus, the kinetic property of the Ca2þ de-
pendence of IP3-induced Ca2þ release was studied

using caged Ca2þ, which can generate a step increase

in Ca2þ concentration upon a brief ultraviolet light
�ash. The results indicated that Ca2þ had instanta-

neous potentiating and inhibitory e�ects on the IP3-

induced Ca2þ release depending on the magnitude
of the step increase in Ca2þ concentration (potentia-

tion <�0.3 mM, inhibition >�1 mM).20) These results

indicate that the IP3-induced Ca2þ release mecha-
nism has the inherent property of becoming regen-

erative at submicromolar Ca2þ concentrations.

The Ca2þ sensitivity of IP3-induced Ca2þ release
bears a resemblance to the Ca2þ-induced Ca2þ re-

lease (CICR) mechanism that was initially observed

in skeletal muscle cells.21),22) The CICR mechanism
is now attributed to the ryanodine receptor, which

binds ryanodine, a plant alkaloid, in an essentially

irreversible manner.23) There are three subtypes of
ryanodine receptors in mammals, and they function

as the Ca2þ release channel as homotetramers. Each

subunit of the RyR Ca2þ release channel consists of
about 5,000 amino acids.23)–25) On the other hand, the

IP3-induced Ca2þ release mechanism is mediated by

Fig. 2. Spatiotemporal dynamics of Ca2þ signaling in vascular smooth muscle cells. (A) Confocal images of the Ca2þ concentra-
tion in the smooth muscle layer of rat tail artery before (a) and during (b{f) the electrical stimulation of sympathetic nerves.
The �uorescence intensity of the Ca2þ indicator Fluo-3 was normalized by the initial �uorescence intensity (F/F0) and pseudo-
color-coded. Each frame was taken every 1 s and has a dimension of 115� 115 mm. The frame numbers are shown above each
panel. Electrical stimulation (5 Hz, 300 pulses) was applied between frames 5 and 64. (B) Fluorescence intensity changes of
Fluo-3 (red, blue and green lines) in the three cells (white boxes in A) and the averaged value of all the cells in the �eld (thick
black line). (C) Dependence of Ca2þ oscillation on noradrenaline concentration. Modi�ed from M. Iino et al., Ref. 8.
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the IP3 receptor (IP3R) with about 2,700 amino acid

residues.26) There are three subtypes of IP3R,26)–28)

which form Ca2þ release channels as homo- or hetero-
tetramers. Interestingly, the primary structure of

IP3R has similarity to that of RyR.26) Hence, RyR

and IP3R are homologous proteins, and both func-
tion as a Ca2þ-dependent Ca2þ release channel on

the endoplasmic reticulum (ER) membrane. The

major di�erence between the two types of Ca2þ re-
lease channels is that while RyR can be activated by

Ca2þ alone, IP3R requires both IP3 and Ca2þ simul-

taneously for activation. There is another notable
di�erence between IP3R and RyR. Mg2þ is a strong

inhibitor of the CICR mechanism of RyR.6) However,

Mg2þ has very little, if any, e�ect on the Ca2þ depen-
dence of IP3R activity.13),29)

3. Regenerative Ca2þ release and

Ca2þ wave/oscillation

The regenerativity of Ca2þ release via the Ca2þ

release channels (Fig. 4A) may play an important

role in the shaping of spatiotemporal patterns of
Ca2þ signals. When Ca2þ is released locally in one

part of the cell, this will further enhance Ca2þ release

from the adjacent sites, and this will generate a Ca2þ

wave like ‘toppling dominos’ (Fig. 4B). IP3-depen-

dent Ca2þ waves have been observed in many cell

types including smooth muscle cells,30) oocytes,31),32)

neurons33) and exocrine cells.34) In most cases, the

velocity of Ca2þ waves is about 10{40 mm s�1.35)

What may be the physiological signi�cance of Ca2þ

waves? Di�usion of Ca2þ within cells is limited due

Fig. 3. Ca2þ dependence of IP3-induced Ca2þ release. (A) Time courses of IP3-induced Ca2þ release at di�erent Ca2þ concen-
trations. The luminal Ca2þ concentration changes within the ER are shown. The experiments were carried out in the absence
of ATP so that there was no uptake of Ca2þ. (B) Dependence of the rate of IP3-induced Ca2þ release on IP3 and Ca2þ concen-
trations. (C) Bell-shaped dependence of IP3-induced Ca2þ release on Ca2þ concentration. Modi�ed from K. Hirose et al., Ref.
14 (A and B), and from M. Iino, Ref. 13 (C).
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to the presence of high concentrations of Ca2þ bind-

ing proteins. Indeed, the di�usion coef�cient of Ca2þ

in cytoplasm is only �1/30 of that in water and is
even �1/20 of the di�usion coef�cient of IP3 in cyto-

plasm.36) Thus, for rapid and uniform increase in

the intracellular Ca2þ concentration, a mechanism
to overcome the di�usion delay is required. Ca2þ

waves can be regarded as a system for transmitting

Ca2þ signals from one site of the cell to another, and
is essentially the same mechanism as the action

potentials for the propagation of information in

nerve axons. The regenerative activation of sodium
channels underlies the propagation of action poten-

tials in neurons. Similarly, the regenerative activa-

tion of Ca2þ release channels underlies the propaga-
tion of Ca2þ waves in many types of cells. There

have been many theoretical studies to simulate Ca2þ

waves using mathematical models of the intracellular
Ca2þ dynamics.37),38) The regenerative Ca2þ release

mechanism is the key factor of these models. An

additional physiological signi�cance has been at-
tached to the Ca2þ wave in pancreatic acinar cells,

in which Ca2þ waves always initiate from the apical

side of the cell and spread toward the basolateral
side. In this way, there is a time delay in the increase

in [Ca2þ]i between the apical and basolateral mem-

branes. The time di�erence in [Ca2þ]i is proposed to
be important for the unilateral movement of solutes

in the acinar cells for excretion.34)

The importance of regenerative Ca2þ release in
the generation of Ca2þ oscillations has been also

postulated in theoretical studies of Ca2þ oscilla-

tions.37)–40) This notion was subsequently tested
experimentally. Based on the aforementioned struc-

tural similarity between IP3R and RyR, the gluta-

mate residue at position 2100 (E2100) was identi�ed
to be a critical amino acid residue of the type 1 IP3R

(IP3R1) for the Ca2þ dependence of channel function

(Fig. 5A).41) When E2100 was replaced with aspar-
tate (E2100D), there was a marked reduction in the

Ca2þ sensitivity without signi�cant change in the IP3

dependence (Fig. 5C). This provided a unique oppor-

tunity to test the role of regenerative Ca2þ release

in the generation of Ca2þ oscillations. Indeed, Ca2þ

oscillation was suppressed in cells expressing E2100D

IP3R1 (Fig. 5B). These results established experimen-

tally that the regenerative Ca2þ release is essential
for the generation of Ca2þ oscillations.

The three subtypes of the IP3R have functional

di�erences42)–44) and are di�erentially expressed in
various tissues45)–50) (Table 1). The order of IP3 sen-

sitivity is IP3R2 > IP3R1 > IP3R3.42),43) When mul-

tiple subtypes are expressed in the same cell, the IP3

sensitivity becomes roughly the weighted average of

the single subtypes.42) The Ca2þ sensitivity has a

subtle di�erence between the three subtypes, and
the Ca2þ concentration for half maximal activation

(EC50) is 30{100 nM.42),44) These EC50 values are

similar to the resting intracellular Ca2þ concentra-
tions, thus are ideal for the regenerative activation

of Ca2þ release via the IP3R. Another similarity be-

tween IP3R and RyR is that both types of Ca2þ

release channel are activated by ATP and other ade-

nine nucleotides,6),51) which enhance channel activity

without altering the Ca2þ dependence. The ATP de-
pendence is observed in IP3R1 and IP3R3, but is

absent in IP3R2.42),43) Interestingly, when multiple

IP3R subtypes are coexpressed in the same cell, the
property of IP3R2 in terms of the ATP dependence

becomes dominant.42) This suggests that heterote-

tramers containing IP3R2 subtypes have no ATP de-
pendence, indicating strong inter-subunit functional

interaction. Together these functional di�erences

are re�ected in the patterns of Ca2þ oscillations, and
IP3R2 seems to be the most ef�cient subtype in gen-

Fig. 4. Regenerative Ca2þ release and Ca2þ waves. (A) Due
to the Ca2þ dependence of IP3R, IP3-induced Ca2þ release
has the inherent property of becoming regenerative. (B)
The regenerative Ca2þ release may result in the generation
of a Ca2þ wave (upper panel) like ‘toppling dominos’ (lower
panel).
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erating Ca2þ oscillations.42) These �ndings provide a

clear functional basis for the physiological signi-

�cance of the di�erential expression of IP3R subtypes
in cell-type speci�c encoding of Ca2þ signaling.

Mechanisms other than the regenerative activa-

tion of IP3R may be involved in the generation of
Ca2þ oscillations. There are positive and negative

feedback mechanisms that regulate intracellular IP3

production. First, the enzyme activity of phospholi-

pase C (PLC) is positively regulated by the intra-

cellular Ca2þ concentration at >100 nM concentra-
tions.52),53) Second, PLC activation induces protein

kinase C activation, which in turn inhibits IP3 gen-

eration via the inhibition of agonist receptor or
PLC activity.54) These positive and negative feed-

back loops may cause oscillatory changes in the in-

Fig. 5. Requirement of regenerative Ca2þ release in Ca2þ oscillation. (A) Schematic representation of the primary structure of
IP3R1. IP3 binding region (green) and membrane spanning region (yellow) are shown. Position of the Ca2þ sensor amino acid
(E2100) is also indicated. (B) Ca2þ responses of DT40 B cells expressing wild-type (left panel) and E2100D-mutant (right
panel) IP3R1 upon activation of B cell receptor (BCR). The time course of IP3 concentration after BCR stimulation measured
using IP3 binding protein assay had two phases (Miyakawa, T. and Iino, M., unpublished observation). An initial transient
increase after the start of BCR stimulation was followed by a decrease in the IP3 concentration for 10{20 min. Then, a
secondary prolonged increase in the IP3 concentration was observed. The biphasic IP3 concentration change seems to underlie
the �20-min silent period after the initial Ca2þ response in the left panel. (C) IP3 and Ca2þ dependence of Ca2þ release via
wild-type (open symbols) and E2100D (red symbols) IP3R1. Modi�ed from T. Miyakawa et al., Ref. 41.
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tracellular IP3 concentration. Indeed, IP3 oscillation

has been observed using the IP3-dependent trans-

location of GFP-tagged pleckstrin homology domain
of PLC�1 (GFP-PHD).53),55),56) Such IP3 oscillations

may assist oscillatory release of Ca2þ from the ER.

4. Mitochondria as another key player

in Ca2þ oscillation

Although regenerative Ca2þ release is essential

for Ca2þ oscillations, it remains to be clari�ed how
the regenerative Ca2þ release is initiated at the onset

of each Ca2þ oscillation. Using an ER-targeted Ca2þ

indicator, we observed intraluminal Ca2þ concentra-
tion during Ca2þ oscillations.57) Indeed, the ER Ca2þ

concentration represented a mirror image of the cy-

toplasmic Ca2þ concentration: a decrease in the ER
Ca2þ concentration was observed during an increase

in the cytoplasmic Ca2þ concentration. However,
there were important deviations from the perfect

mirror image. In the �rst Ca2þ oscillation, the cyto-

plasmic Ca2þ concentration reached its peak even

though the ER is still releasing Ca2þ. This suggests

that a considerable fraction of Ca2þ released from
the ER enters non-ER Ca2þ stores during the �rst

Ca2þ oscillation. In the second and subsequent Ca2þ

oscillations, on the other hand, the Ca2þ release from
the ER lagged behind the increase in the cytoplasmic

Ca2þ concentration. These results indicate that there

is a non-ER Ca2þ compartment that takes up Ca2þ

in the �rst Ca2þ oscillation and supplies Ca2þ before

the initiation of the second and subsequent ER Ca2þ

release. Since mitochondria have been shown to func-
tion as Ca2þ bu�ering organelles,58)–61) a mitochon-

dria-targeted GFP-based Ca2þ indicator was used to

image the intra-mitochondrial Ca2þ concentration.57)

The results showed that there is a preferential load-

ing of mitochondria with Ca2þ from the ER during

the Ca2þ release phase in the �rst Ca2þ oscillation
(Fig. 6A). After that, Ca2þ was released from the

mitochondria, when the ER was taking up Ca2þ.

Table 1. Comparison of IP3R subtypes

Type 1 Type 2 Type 3

IP3 sensitivity Medium High Low

permeabilized cell (chicken) (EC50) 4.7 mM 0.35 mM 18.6 mM

planar lipid bilayer (rat) (EC50) 0.27 mM 0.10 mM 0.40 mM

Ca2þ sensitivity (activation)� Yes Yes Yes

permeabilized cell (chicken) (EC50) 50 nM 100 nM 100 nM

planar lipid bilayer (rat) (EC50) 30 nM 60 nM 60 nM

ATP sensitivity Yes No Yes

permeabilized cell (chicken) [Fold increase (EC50)] 5.7-fold (0.4 mM) 1-fold 1.7-fold (n.a.)

planar lipid bilayer (rat) [Fold increase (EC50)] 5.6-fold (0.13 mM) 1-fold 5.9-fold (2 mM)

Tissue expression neuron (enriched

in cerebellum)

neuron (enriched

in olfactory bulb)

vascular smooth muscle

pancreatic islet

endothelium endothelium endothelium

liver liver

parotid gland parotid gland

glia

cardiac myocytes

� Ca2þ sensitivity of the ascending limb of the bell-shaped Ca2þ dependence (see Fig. 3C). See text for references.
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Fig. 6. Ca2þ regulation by endoplasmic reticulum and mitochondria during Ca2þ oscillations. (A) The �rst Ca2þ oscillation is
generated by Ca2þ release from the ER via IP3R. A considerable fraction of Ca2þ released from the ER enters mitochondria.
(B) The second and subsequent Ca2þ oscillations are initiated by the Ca2þ release from mitochondria, which then triggers
regenerative Ca2þ release via IP3R from the ER. Mitochondrial Ca2þ is partially reloaded. The sequence is repeated until
mitochondrial Ca2þ is depleted. From K. Ishii et al., Ref. 57.

Fig. 7. Nuclear translocation of GFP-tagged NFAT in response to Ca2þ oscillations. The steady state value of the NFAT in the
nucleus during continuous or oscillatory changes in [Ca2þ]i were plotted against the fractional Ca2þ increase time ([sum of the
duration of Ca2þ increase]� [total duration]� 100%). The observed values lie above the proportional dependence (dashed
line). Modi�ed from T. Tomida et al., Ref. 65.
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Thus, Ca2þ shuttles between the ER and mitochon-

dria during each Ca2þ oscillation. As the ER Ca2þ

loading increased, there was a decline in the ER

Ca2þ uptake rate, which then allowed mitochondrial

Ca2þ release to increase the cytoplasmic Ca2þ con-
centration. The increase in the cytoplasmic Ca2þ

concentration was followed by regenerative Ca2þ re-

lease from the ER via the IP3R to generate the
second and subsequent Ca2þ oscillations (Fig. 6B).

These �ndings suggest that mitochondria play a

role in the pacemaking of Ca2þ oscillations, and
that Ca2þ ef�ux from the mitochondria underlies

the pacemaker Ca2þ increase before the regenerative

Ca2þ release from the ER.57)

5. Physiological signi�cance of

Ca2þ oscillations

Ca2þ oscillation regulates many important cell

functions. One such function is T-cell activation.

Introduction of foreign tissues to the host is detected
by T cells, in which Ca2þ oscillations are generated.62)

The Ca2þ oscillation then activates the Ca2þ-calmo-

dulin-dependent phosphatase calcineurin. Calcineurin
then dephosphorylates nuclear factor of activated

T cells (NFAT), which in turn translocates to the

nucleus to enhance transcription of a set of genes.63)

Because Ca2þ oscillation frequency regulates NFAT-

dependent transcription,64) the dependence of nu-

clear translocation of NFAT on Ca2þ oscillations is
a physiologically important mechanism.

We studied the relationship between GFP-
tagged NFAT translocation to the nucleus and the

frequency of Ca2þ oscillation.65) Indeed, there was a

frequency-dependent translocation of NFAT to the
nucleus. In Ca2þ oscillations, [Ca2þ]i increases only a

fraction of time, i.e., the fractional Ca2þ increase

time ([sum of the duration of Ca2þ increase]� [total
duration]� 100%) is less than 100%. When the ex-

tent of nuclear translocation of NFAT was plotted
against the fractional Ca2þ increase time, it showed

a convex upward dependence rather than a propor-

tional dependence (Fig. 7). This means that the
extent of NFAT translocation induced by Ca2þ oscil-

lation is supra-proportional to the duration of Ca2þ

increase. In other words, Ca2þ oscillation is an
‘energy-saving’ signaling mechanism. Since prolonged

increase in [Ca2þ]i may have adverse e�ects on cell

survival,9) Ca2þ oscillation is an ef�cient system to
regulate cell functions.

The major reason why NFAT nuclear trans-

location utilizes the Ca2þ increase ef�ciently in an
energy-saving manner lies with the ability of NFAT

to ‘memorize’ Ca2þ increase for a certain amount of

time after termination of the Ca2þ signal. Dephos-
phorylation of NFAT by calcineurin is a rapid pro-

cess and proceeds within a short period of time. How-

ever, rephosphorylation of NFAT is rather a slow
process taking several minutes. Thus, dephosphory-

lated NFAT, which is ready for translocation to the

nucleus, has a life time of �7 min.65) Therefore,
Ca2þ oscillations with an interval shorter than the

life time of dephosphorylated NFAT are nearly as

e�ective as a continuous Ca2þ increase. This prop-
erty associated with Ca2þ oscillations can be general-

ized, and any molecule that can sustain the e�ect of
Ca2þ for a certain length of time should be able to

utilize Ca2þ oscillations ef�ciently. For example,

phosphorylation of smooth muscle myosin by the
myosin light chain kinase is a rapid process, whereas

dephosphorylation by the myosin light chain phos-

phatase is a relatively slow process.66) Therefore,
phosphorylated myosin can memorize transient in-

creases in Ca2þ concentration, and Ca2þ oscillation

is expected to be an ef�cient signal to regulate con-
tractions of smooth muscle cells.

6. Search for the new functions of

Ca2þ signaling

As shown in Fig. 1, Ca2þ has been shown to

regulate numerous cell functions. It seems likely that

there are still many unknown cell functions that are
regulated by Ca2þ signals. Identi�cation of such cell

functions will not only further clarify the physiologi-

cal signi�cance of Ca2þ signals but also shed new
light on various cell functions. For the search of

hitherto unrecognized functions of Ca2þ signals, a

new and speci�c method to inhibit Ca2þ signaling
was developed.

IP3 5-phosphatase hydrolyzes IP3 with a high

speci�city.67) Therefore, overexpression of the en-
zyme is expected to block Ca2þ signaling by prevent-

ing the increase in IP3 concentration.53),68) Indeed,

when cerebellar Purkinje cells (PCs) were transduced
with IP3 5-phosphatase by Sindbis viral infection,

synaptic input-dependent IP3 and Ca2þ signaling

were e�ectively inhibited.69) PCs are the principal
neurons in the cerebellar cortex and receive numer-

ous inputs from the axons (parallel �bers, PFs) of
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granule cells to their dendrites. The PF-PC synapses

are considered to play a major role in such functions
as motor learning and motor coordination.70) This

method clari�ed a new role of IP3 signaling in the

PF-PC synapse. In the spines of the PCs, that is,
the postsynaptic side of the PF-PC synapse, both

ionotropic and metabotropic glutamate receptors

are expressed. When PFs are stimulated with burst
stimulation consisting of several pulses at 50{100

Hz, which mimics the physiological stimulation pat-

tern,71) metabotropic glutamate receptor-dependent
IP3 signal is generated in the PCs.69) The IP3 signal

in turn induces a local and transient Ca2þ signal in

the spines and dendrites of PCs receiving the PF in-
puts.72),73) In other words, the postsynaptic IP3-Ca2þ

signaling functions as a detector of the presynaptic
activity. When the IP3 signaling was blocked in PCs

by IP3 5-phosphatase, the synaptic strength of

the PF-PC synapse was inhibited. Further analyses
showed that postsynaptic IP3 signaling drives a

brain-derived neurotrophic factor (BDNF) signaling

from the postsynaptic PCs to the presynaptic PF
terminals and that the retrograde signaling main-

tains the presynaptic function.74) Therefore, the

postsynaptic IP3-Ca2þ signaling mechanism plays
an important role in the activity-dependent synaptic

maintenance mechanism.

The IP3 5-phosphatase method clari�ed another
mechanism that is regulated by IP3-Ca2þ signaling.

Astrocytes, the major glial cells in mammalian brain,

generate spontaneous Ca2þ oscillations in vivo as
well as in vitro.75)–78) The astrocytic Ca2þ oscillations

were blocked by IP3 5-phosphatase, and neurite

growth over the Ca2þ signal-de�cient astrocytes was
inhibited. The analysis clari�ed that Ca2þ oscilla-

tions regulate the expression of N-cadherin on the

surface of astrocytes, and that N-cadherin is impor-
tant for the maintenance of neurite growth.79)

7. Perspectives

Studies on the basic principle of Ca2þ signaling
led to the clari�cation of the critical role of the regen-

erative nature of the IP3-induced Ca2þ release me-

chanism in the spatiotemporal generation pattern of
Ca2þ signals, such as Ca2þ waves and oscillations.

Ca2þ oscillations provide an ef�cient way to drive

cell functions with a temporally-distributed short
duration of Ca2þ increase, thus avoiding the adverse

e�ects of continuous Ca2þ increases. In parallel with
such studies, a new speci�c method to inhibit Ca2þ

signaling was discovered and helped us to identify

new cellular functions, i.e., an activity-dependent
synaptic maintenance mechanism and a neuron-glial

cell interaction. Further clari�cation of the new roles

of Ca2þ signaling is expected to shed new light on
our understanding of many important biological

functions.
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