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Introduction 

A Ca 2+ signal is, for the purpose of this review, 
defined as an increase in the cytoplasmic C a  2+ 

concentration ([Ca2+]i) and can be generated either 
by release of Ca 2+ from intracellular stores or by 
opening of C a  2+ channels in the plasma membrane. 
Here we are concerned solely with C a  2+ signals 
evoked by hormone or neurotransmitter activation 
of receptors linked via GTP-binding proteins (G 
proteins) to the enzyme phosphoinositidase C (also 
often referred to as phospholipase C). Binding of 
neurotransmitters or hormones to such receptor 
types causes breakdown of the membrane-bound 
inositol lipid phosphatidylinositol (4, 5) bisphos- 
phate (PIP2) producing initially two separate mes- 
sengers, namely the lipid soluble diacylglycerol 
(DAG) and the water soluble inositol (1,4,5) tris- 
phosphate (Ins(1,4,5)P3) (Berridge, 1987). In 1983 
it was shown for the first time that Ins (1,4,5) P3 
r e l e a s e s  C a  2+ from an intracellular nonmitochon- 
drial store (Streb et al., 1983), and soon thereafter 
it became clear that this Ca 2+ store was in the 
endoplasmic reticulum (Streb et al., 1984; Prentki 
et al., 1984). 

T h e  C a  2+ signals often oscillate (Fig. 1) and 
since receptor-mediated repetitive C a  2+ spikes can 
be observed in the absence of extracellular Ca 2+ 
(Berridge & Galione 1988; Berridge & Irvine, 1989) 
it would appear that pulsatile release of Ca 2+ from 
intracellular stores (Fig. 1) is primarily responsible 
for the oscillations. 
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Puisatile Ins (1,4,5) P3 Formation is not Required 
for Pulsatile Intracellular Ca z+ Release 

From the simplest possible model concept shown in 
Fig. 1 it seems that pulsatile Ins (1,4,5) P3 formation 
could provide a straightforward explanation for the 
oscillating Ca 2+ signal, and indeed Rink and Jacob 
(1989) stated that "most of those who have discussed 
this topic have explicitly or implicitly invoked fluc- 
tuating levels of Ins (1,4,5) P3 as a key compo- 
n e n t . . . "  Three possible explanations for these 
postulated oscillations in Ins (1,4,5) P3 levels have 
been suggested: (i) A negative feedback loop 
whereby DAG generated as a consequence of the 
phosphoinositidase C activation could inhibit the en- 
zyme via protein kinase C-mediated phosphoryla- 
tion (Woods, Cuthbertson & Cobbold, 1987). (ii) 
Ca 2 + activation of phosphoinositidase C in conjunc- 
tion with strong cooperative interaction between Ins 
(1,4,5) P3 and its receptor could explain a rapid rise 
in the cytoplasmic concentrations of both Ins (1,4,5) 
P3 and Ca 2+ which would be terminated when the 
Ins (1,4,5) P3-sensitive Ca 2+ pool was emptied. The 
rapid fall in C a  2+ would terminate the phosphoino- 
sitidase C activation, and Ins (1,4,5) P3 levels 
would also fall. The pool would then refill and the 
cycle could start again (Meyer, Holowka & Stryer, 
1988; Meyer & Stryer, 1988). (iii) Ca2+-activa - 
tion of Ins (1,4,5) P3-3-kinase, the enzyme that 
causes phosphorylation of Ins (1,4,5) P3 to inositol 
(1,3,4,5) tetrakisphosphate (Ins(l,3,4,5) P4) (Bi- 
den & Wollheim, 1986) would reduce stimulated 
levels of Ins (1,4,5) P3 and since Ins (1,3,4,5) P4 
by itself cannot release C a  2+ from the endoplas- 
mic reticulum (Berridge, 1987) the C a  2+ signal 
would also disappear. This in turn would remove 
the stimulation of the Ins (1,4,5) P3-3 kinase and Ins 
(1,4,5) P3 levels would rise again (Yule & Gallacher, 
1988). 
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Fig. 1. Acetylcholine-evoked oscillations in [Ca2+]i assessed si- 
multaneously by two different methods. The lower part of the 
figure shows measurements from a single mouse pancreatic acinar 
cell studied in the patch-clamp whole-cell recording configura- 
tion. The bottom two traces are current recordings obtained at 0 
and -30 mV membrane potentials, respectively. The trace at 
- 30 mV shows the Ca 2"-dependent C1- current. The C1 concen- 
trations inside and outside the cell were the same (Eo_ - 0), and 
there is therefore virtually no current changes at 0 mV membrane 
potential. The upper trace represents the result of the microfluor- 
imetric measurement of [Ca2+]i (nM) using the dye fura-2 which 
was present in the pipette solution. The upper part of the figure 
shows the simplest possible scheme explaining the events. It 
may appear that an increase in ACh concentration decreases the 
frequency of Ca2+-dependent C1 current pulses, but what has 
actually happened is that the frequency has increased to the extent 
that individual short-lasting pulses have fused into much longer- 
lasting ones. The principal effect of increasing the ACh concentra- 
tion is therefore prolongation of periods when [CaZ+]i is elevated, 
in this case, to such an extent tha~ longer pulses seem to take off 
from an elevated plateau. At a still higher ACh concentration of 
about 0.5-1/xM (not shown) a sustained elevation of both [Ca2+]i 
and C1 current would have been observed. ACh: acetylcholine; 
mR; muscarinic receptor; Ins (1,4,5) Ps; inositol (1,4,5) trisphos- 
phate. (Adapted from Osipchuk et al., 1990) 

At this point in t ime it is not possible to measure  
the Ins (1,4,5) P3 concentrat ion in single cells with a 
high time resolution, and we therefore do not know 
whether  Ins (1,4,5) P3 levels oscillate during receptor  
activation. I t  is, however ,  possible to address the 
central  question in a different manner  by asking 

whether  a constant  concentrat ion of Ins (1,4,5) P3 
can evoke pulsatile Ca z+ release.  

Intracellular injections of  Ins (1,4,5) P3 into X e n -  
opus oocytes  have been shown to evoke  repeti t ive 
membrane  current changes or depolarizat ions due 
to Ca 2 +-activation of C1- channels (Oron et al. 1985; 
Berridge, 1988). In such exper iments  a constant  in- 
tracellular Ins (1,4,5) P3 concentra t ion cannot  be 
achieved, but similar findings have  been obtained 
when perfusing mouse pancreat ic  acinar cells or 
golden hamster  egg cells internally with a constant  
Ins (1,4,5) P3 concentrat ion in pa tch-c lamp or micro- 
electrode exper iments  where  the cytoplasmic  Ca 2+ 
fluctuations have been assessed by measuring the 
Ca2+-dependent C1- current  under  vol tage-clamp 
conditions (Fig. 2) (Wakui, Pot ter  & Petersen,  1989) 
or the Ca2+-dependent hyperpolar izing responses  
(Swann, Igusa & Miyazaki ,  1989). Even such experi- 
ments  can be criticized since it cannot  be ruled out 
that metabol ism and particularly Ca2+-dependent  
phosphorylat ion of  Ins (1,4,5) P3 to Ins (1,3,4,5) P4 
(Biden & Wollheim, 1986) occurs.  To solve this 
problem it was therefore necessary  to use a nonme-  
tabolizable Ins (1,4,5) P3 analogue with Ca2+-releas - 
ing activity. Inositol (1,4,5) t r i sphosphorothioate  
(Ins (1,4,5) PS3) is an effective releaser  of  Ca 2+ from 
intracellular stores, but is not metabol ized by  phos-  
phatase or kinase pathways  (Willcocks et al., 1988; 
Taylor  et al., 1989). Ins (1,4,5) PS 3 perfused continu- 
ously via a patch pipette into single pancreat ic  acinar 
cells, evokes  regular and repeti t ive spikes of  Ca z+- 
dependent  CI -  current  (Fig. 2) showing that a con- 
stant messenger  concentrat ion can cause pulsatile 
intracellular Ca 2+ release (Wakui et al., 1989). While 
these experiments  cannot  exclude that receptor  acti- 
vation results in pulsatile Ins (1,4,5) P3 formation,  it 
is an unnecessary  complicat ion to postulate that 
such a phenomenon occurs.  The most  economical  
hypothesis  is that a constantly elevated Ins (1,4,5) P3 
concentrat ion elicits pulsatile Ca 2+ release in normal 
intact cells when stimulated by appropriate  concen- 
trations of  hormones  or neurotransmit ters .  

Ca2§ Ca 2+ Release is Important for the 
Generation of Ca 2+ Oscillations Initiated by Ins 
(1,4,5) P3 

Since Ins (1,4,5) P3 at a constant  concentra t ion can 
evoke repetitive spikes of  intracellular Ca ,-+ release 
(Wakui et al. 1989) and since the simplest suggestion 
would be that Ins (1,4,5) P3 primari ly evokes  a con- 
stant movemen t  of  Ca 2+ f rom the Ins (1,4,5) P3- 
sensitive Ca 2+ pool,  it is pert inent  to ask whether  a 
small constant  flow of Ca 2+ into the cytosol  can 
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Fig. 2. Effects of acetylcholine (ACh), Ins 
(1,4,5) P3 (lnsP3} and inositol (1,4,5) 
trisphosphorothioate (Ins PSi) on Ca ~*- 
dependent CI- current in single internally 
perfused pancreatic acinar cells. ACh (0.1 
/xM) is seen to evoke repetitive pulses of 
Ca2+-dependent CI- current, and this effect is 
blocked by atropine (Atr) and when the cell is 
filled with a high concentration of the Ca 2+- 
chelator EGTA. Internal perfusion with Ins P3 
also evokes regular pulses of Ca2§ 
CI current and this effect is also blocked by 
a high internal EGTA concentration, but not 
by removal of external Ca 2+ (0 Ca2+). Inositol 
(1,3,4) trisphosphate (Ins (1,3,4) Pj) which is 
known not to cause intracellular Ca 2§ release 
(Berridge, 1987) has no effect, but Ins PS3 
causes a dose-dependent response consisting 
of repetitive pulses of Ca2+-activated CI 
current. (Adapted from Wakui et al., 1989) 

evoke repetitive transport of Ca 2+ from another 
pool. 

Ca2+-induced Ca 2+ release was originally dis- 
covered in skinned cardiac muscle cells where a 
small increase in the Ca 2+ concentration of the fluid 
in contact with the sarcoplasmic reticulum causes a 
large Ca 2+ release (Endo, Tanaka & Ogawa, 1970). 
In the presence of caffeine, skinned muscle fibers 
exhibit spontaneous contractions when bathed in a 
solution with a relatively low Ca 2+ concentration 
(Endo et al., 1970). In intact cardiac cells Ca 2+ oscil- 
lations observed during exposure to ouabain or solu- 
tions with low Na § concentration, giving rise to 
aftercontractions and transient inward Ca2+-depen - 
dent currents, have been explained on the basis of 
Ca2+-induced Ca 2+ release from cells overloaded 
with Ca 2+ (Kass et al., 1978; Allen, Eisner & Or- 
chard, 1984). If CaZ§ Ca 2+ release is di- 
rectly responsible for the cytoplasmic Ca 2+ oscilla- 
tions evoked by stimuli generating Ins (1,4,5) P3 as 
suggested by Berridge (Berridge, 1988; Berridge & 

Irvine, 1989), then intracellular Ca 2+ infusion should 
be able to mimick the effect of Ins (1,4,5) P3. Figure 
3 shows the result of an experiment in which Ca 2+ 
was infused into a single cell while [Ca2+]i was as- 
sessed both by microfluorimetry using fura-2 and by 
measurement of Ca 2+-dependent C1- current (Osip- 
chuk et al., 1990). In this type of experiment the 
electrical current trace monitors [Ca 2 + ]i in the imme- 
diate vicinity of the inner surface of the plasma mem- 
brane, whereas the microfluorimetrical recording re- 
ports the average [Ca2+]i in the cell. As seen in Fig. 
3 the intracellular Ca 2§ infusion results in a gradual 
rise in [Ca2+]g, and this increase is reversed when 
the Ca 2+ infusion is stopped and a Ca 2§ chelator 
applied. In the cytoplasmic space near the plasma 
membrane there are additional short-lasting repeti- 
tive Ca 2+ spikes which are particularly pronounced 
just before the major sustained [Ca2+]~ rise and in 
the phase after discontinuation of the Ca 2"- infusion. 
These results indicate that Ca 2+ can induce pulses 
of Ca 2+ release primarily from pools very close to 
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repetitive pulses of Ca 2+ release from separate 
stores and a minimal quantitative model based on 
this concept has recently been developed (Goldbe- 
ter, Dupont & Berridge, 1990). According to this 
model, two different types of Ca 2+ channels must 
exist in intracellular Ca 2+ storing organelles, namely 
Ins (1,4,5) P3-activated and Ca2+-activated Ca 2+ re- 
lease channels (Fig. 4). It is useful to review briefly 
what is known about these two channel types before 
discussing attempts to critically test the hypothesis 
outlined in Fig. 4. 
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Fig. 3. Ca2+-induced repetitive Ca 2+ release from stores close to 
the cell membrane in single mouse pancreatic acinar cell. The 
cartoon in A shows the arrangement used to exchange solution at 
the tip of the patch-clamp pipette. Application of 200 mm Hg 
pressure to the tube containing 0.1 mM Ca 2+ resulted in a slow 
rise of [Ca2+]i and Ca2+-dependent CI- current (bottom trace in 
B) and also in repetitive short-lasting spikes of Ca2+-dependent 
CI- current (bottom trace in B). Application of pressure to the 
tube with Ca2+-free solution (also cor/taining the Ca 2+ chelator 
EGTA) reversed the effects. (Adapted from Osipchuk et al., 1990) 

the cell membrane. In the internally perfused mouse 
pancreatic acinar cells Ins (1,4,5) P3 infusion also 
evokes Ca 2+ spikes near the cell membrane which 
are mostly not reflected in the average [CAR+] i re- 
cording, although in small cells it is possible to detect 
Ins (1,4,5) P3 evoked Ca 2+ oscillations synchro- 
nously with both microfluorimetry and electrophysi- 
ology (Osipchuk et al., 1990). Low doses of ACh 
also predominantly evoke Ca 2+ spikes seen only 
at the cell membrane, whereas larger doses cause 
slightly broader Ca z§ signals seen throughout the 
cell (Fig. 1) (Osipchuk et al., 1990). The conclusion 
from these experiments is therefore that Ca z+ infu- 
sion can mimick the action of Ins (1,4,5) P3. 

In the course of normal signal transduction, Ins 
(1,4,5) P3 most likely evokes a small steady flow 
of Ca 2+ into the cytosol that subsequently causes 

Ins (1,4,5) P3 and Ca 2+ Activate Two Separate 
Types of Ca 2+ Release Channels 

The Table summarizes some of the properties of the 
two functionally very different Ca 2+ release chan- 
nels from intracellular Ca 2+ storing organelles. The 
pharmacology is of particular significance. The Ins 
(1,4,5) P3-activated Ca 2+ channel is inhibited by hep- 
arin, whereas this substance has no effect on the 
CaZ+-induced Ca 2§ release channel (Ehrlich & Wa- 
tras, 1988). The Ca2+-induced Ca 2+ release channel 
is inhibited by ruthenium red and activated by caf- 
feine, substances that have no effect on the Ins 
(1,4,5) P3-activated Ca 2 § channel (Ehrlich & Watras, 
1988). The Ca2+-induced Ca 2+ release channel, often 
referred to as the ryanodine receptor, since it has a 
very high affinity for the plant alkaloid ryanodine 
(Lai et al., 1988), has been characterized mainly 
in muscle tissues. In skeletal muscle this channel 
normally functions by releasing Ca 2+ from the sarco- 
plasmic reticulum in response to depolarization of 
the T-tubular cell membrane. A junctional complex 
has been described consisting of the voltage-sensing 
dihydropyridine receptor in the T-tubule membrane, 
and the ryanodine receptor Ca 2+ channel (foot) com- 
plex in the sarcoplasmic reticulum. In cardiac cells 
it would appear that the dihydropyridine-receptor 
functions as a Ca 2+ channel and the Ca 2+ entering 
from the outside during membrane depolarization 
then evokes Ca 2+ release through the ryanodine re- 
ceptor channel (Fleischer & Inui, 1989). In general, 
this channel can therefore be activated either by 
electromechanical transduction, in a way not com- 
pletely understood, or by Ca 2 + binding to a site on 
the cytoplasmic side of the sarcoplasmic reticulum 
membrane, thereby inducing the conformational 
change presumably required for the increase in 
open-state probability (Fleischer & Inui, 1989). It is 
clear that the concentrations of ATP and Mg 2+ in 
particular are important as ATP promotes opening, 
whereas Mg z+ has the opposite effect (Table). It has 
recently been shown that the Ins (1,4,5) P3-activated 



O.H. Petersen and M. Wakui: Oscillating Ca -,+ Signals 97 

Neurotransmitter 
Hormone 

p ~ ~  Ca2" Ca ~" 

Ca~" T ( ~  ~ Heparin t 

Ca ~" L ~  Ca2§ 

Fig. 4. Working hypothesis of mechanisms 
underlying cytoplasmic Ca 2+ oscillation 
evoked by receptor activation. The basic 
concept is based on the models by Berridge 
(Berridge & Galione, 1988; Berridge & Irvine, 
1989). This present version of the model 
emphasizes the different characteristics of the 
two types of Ca 2+ channels in intracellutar 
Ca 2+ storing organelles which are now known 
and also highlights the progression of the 
Ca 2+ signal from the surface cell membrane to 
the cell interior. This idea is based on the 
data from Osipchuk et al. (1990). The 
proposal that the Ca 2" uptake mechanisms in 
the Ins (1,4,5) P3-sensitive and insensitive 
pools are different is based on the data from 
Thevenod et al. (1989) 

Table. Some characteristics of the two Ca z• release channels from nonmitochondrial intracellular 
Ca 2~ stores 

Ins (1,4,5) P3-activated Ca 2+ channel Ca2+-activated Ca 2+ channel 

Structure Probably homotetramer (each of the Homotetramer (each of the 4 
4 polypeptides with M r - 250,000) polypeptides with M r - 400,000) 
with square shape (Maeda et al., 1990). forming four-leaf clover 'feet' 
The amino acid sequence has been (Lai et al., 1988; Anderson et 
determined (Furuichi et al., 1989) al., 1989). The amino acid 

Activator 

Potentiator 

Inhibitor 

Single- 
channel 
conductance 

Ins (1,4,5) P3 
Ins (2,4,5) P3 (Ferris et al., 1989) 

Heparin (Ferris et al., 1989) 

10 pS (Ehrlich & Watras, 1988) 

sequence has been determined 
(Takeshima et al., 1989). 
Ca 2+ (Smith et al., 1986; Lai et 
al., 1988). 
Caffeine (Rousseau et al., 1988; 
Rousseau & Meissner, 1989) 
ATP and ATP analogues (Meissner, 1984; 
Smith et al., 1985). 
Ruthenium red and Mg 2+ 
(Meissner et al., 1986) 
-100 pS (Smith et al., 1986; 
Lai et al., 1988; Ehrlich & Watras, 
1988) 

Ca 2+ channel can also be influenced by ATP. In 
studies on purified Ins (1,4,5) P3 receptors reconsti- 
tuted in lipid vesicles it was shown that 1-10 /ZM 
ATP increased the maximal Ins (1,4,5) P3-induced 
Ca 2+ flux by about 50% whereas ATP in a higher 
concentration (10 -4 to 10 -3 M) inhibited this effect 
(Ferris, Huganir & Snyder, 1990). 

When the skeletal muscle ryanodine receptor is 
expressed in Chinese hamster ovary cells there is 
no depolarization-evoked Ca 2+ release, but caffeine 
effectively releases Ca 2+ (Penner, et al., 1989). In 
pancreatic acinar cells surface membrane depolar- 
ization does not cause Ca 2+ release (Matthews, Pet- 
ersen & Williams, 1973), but Ca 2+ -induced Ca 2-~ 

release occurs (Osipchuk et al., 1990) and caffeine 
can evoke cytoplasmic Ca 2+ oscillations under cer- 
tain conditions (Wakui & Petersen, 1990). It is there- 
fore clear that the CaZ+-induced Ca 2+ release chan- 
nel does not necessarily have to be functionally 
linked to a plasma membrane voltage sensor and in 
electrically nonexcitable cells, for example those 
found in epithelia, the absence of such a coupling is 
probably normal. 

A Ca 2+ channel has recently been studied in 
endoplasmic reticulum vesicles from rat pancreatic 
acinar cells (Schmid et al., 1990) fused by a dehydra- 
tion/rehydration method (Schmid et al., 1988). In 
excised patches single Ba 2+ and Ca 2+ selective chan- 
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nels with a mean conductance of about 50 pS (50 mM 
Ba 2+ in bath and 75 mM K + in pipette solution) were 
found. The channel activity was voltage dependent 
with a very low open state probability at 10 mV 
and virtually complete opening at + 10 inV. Caffeine 
(10 mM) markedly increased the channel open state 
probability in about half the experiments and ruthe- 
nium red (10 /xM) closed the channels completely. 
Neither Ins (1,4,5) P3 or heparin had any effect on 
channel activity and variations in [Ca 2 +]i in the bath 
solution had also no effect (Schmid et al., 1990). It 
is assumed that the cytoplasmic side of the endoplas- 
mic reticulum membrane faces the pipette solution 
in these experiments and the failure of Ins (1,4,5) P3 
and Ca 2+ to cause activation could therefore be due 
to the fact that these potential stimulants were added 
to the insensitive side. More work on the pancreatic 
endoplasmic reticulum Ca 2+ channel is clearly 
needed to clarify its characteristics and in particular 
to establish whether it can be activated by low (mi- 
cromolar) Ca 2+ concentrations acting on the cyto- 
plasmic side. it seems possible that the findings of 
Schmid et al. (1990) indicate the presence of a caf- 
feine-sensitive channel in the pancreas that could 
explain Ca2+-induced Ca 2+ release and caffeine po- 
tentiation of receptor-activated responses observed 
in this tissue (Osipchuk el al., 1990). 

Caffeine and Heparin Can be Used to Define 
Involvement of Two Separate Ca 2+ Channels in 
Intracellular Organelles 

The model shown in Fig. 4 can be tested using the 
knowledge gained about the pharmacology of the 
two Ca 2+ release channels summarized in the Table. 
It could be argued that results of the type shown in 
Fig. 3 demonstrating Ca 2 +- induced Ca 2 + oscillations 
could also be explained by Ca2+-induced Ins (1,4,5) 
P3 formation due to the reported CaZ+-sensitivity of 
phosphoinositidase C (Taylor et al., 1986; Meyer & 
Stryer, 1988). It is therefore possible that intracellu- 
lar Ca 2+ infusion mimicks the action of intracellular 
Ins (1,4,5) P3, not because of direct Ca2+-activation 
of Ins (1,4,5) Ps-insensitive Ca 2+ release channels, 
but simply because it generates Ins (1,4,5) P3. There 
are, however, data in the literature that seem to 
indicate that in intact cells CaZ+-activation of phos- 
phoinositidase C is not of great importance. Takem- 
ura et al. (1989) have used the tumor promoter thap- 
sigargin, an inhibitor of the endoplasmic reticulum 
Ca 2+ pump, to cause marked elevation of [Ca2+]i in 
parotid acinar cells and in such experiments they did 
not find evidence of PIP 2 breakdown or Ins (1,4,5) 
P3 formation. This was not due to thapsigargin inhibi- 
tion of phosphoinositidase C since the tumor promo- 

tor did not inhibit PIP 2 breakdown or Ins (1,4,5) P3 
formation induced by muscarinic receptor activation 
(Takemura et al., 1989). Another approach is to test 
whether a Ca 2+ ionophore, such as A23187, evokes 
an increase in Ins (1,4,5) P3 levels. In pancreatic 
acinar cells Matozaki and Williams (1989) have 
shown that this is not the case. Although it would 
therefore appear that an elevation of [Ca2+] i 
achieved in the absence of receptor stimulation does 
not generate measurable quantities of Ins (1,4,5) P3, 
it is still desirable to test as directly as possible the 
proposition that Ca 2+ infusion causes Ca 2+ oscilla- 
tions via pulsatile Ca 2+ release from an Ins (1,4,5) 
P3-insensitive store. 

Heparin is a useful tool for testing the model 
shown in Fig. 4 since the prediction is that this sub- 
stance should inhibit receptor-activated and Ins 
(1,4,5) P3-induced, but not Ca2 +-induced, Ca 2+ oscil- 
lations. If, on the other hand, Ca 2+ infusion worked 
via Ins (1,4,5) P~ generation then heparin should also 
block the Ca2+-induced Ca 2+ spikes. Using inter- 
nally perfused single pancreatic acinar cells, it has 
recently been shown that pulsatile Ca2+-dependent 
C1 current responses to external acetylcholine or 
internal Ins (1,4,5) P3 application are blocked by 
intracellular infusion of heparin, whereas in the same 
experiments the Ca 2+ oscillations evoked by Ca 2+ 
infusion are unaffected (Wakui, Osipchuk & Pet- 
ersenJ). This is direct evidence showing that Ca 2+ 
infusion evokes Ca 2+ release that is not mediated by 
the Ins (1,4,5) Ps-activated Ca 2+ channels. 

In order to test the hypothesis that the Ca 2+- 
induced Ca 2+ release in electrically nonexcitable 
cells is mediated by channels of the type found to be 
responsible for this effect in muscle cells, it is useful 
to employ caffeine, a well-established potentiator of 
CaZ+-induced Ca 2+ release in muscle (Endo, 1977), 
and a drug that has been shown to activate the rya- 
nodine receptor Ca 2+ release channel from skeletal 
and cardiac muscle sarcoplasmic reticulum (Rous- 
seau et al., 1988; Rousseau & Meissner, 1989). The 
prediction from the model shown in Fig. 4 is that 
caffeine should enhance responses not only to sub.- 
maximal receptor activation and Ins (1,4,5) P3 appli- 
cation, but also to submaximal Ca 2+ infusion. 

We have recently shown that 1 mM caffeine can 
evoke cytoplasmic C~/2 + oscillations when applied in 
the presence of a subthreshold dose of acetylcholine. 
This effect of caffeine was rapid and rapidly revers- 
ible. Caffeine also markedly enhanced the Ca 2+ sig- 
nals evoked by direct G-protein activation (using 
internal application of GTP-T-S) or by infusion of 

I Wakui, M., Osipchuk, Y.V., Petersen, O.H. 1990. (Sub- 
mitted) 
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Ins (1,4,5) P3 (Osipchuk et al., 1990). Caffeine (I 
raM) evoked regular Ca 2+ spikes when applied in 
the presence of a subthreshold intracellular Ca 2+ 
infusion (Wakui et al. l) but in the absence of stimula- 
tion caffeine did not evoke any effect (Osipchuk et 
al., 1990). This does not necessarily mean that a 
normal intact cell is unresponsive to caffeine. In 
internal cell perfusion studies it is normal to use a 
CaZ+-free pipette solution with a low concentration 
(about 0.2 to 0.5 raM) of the Ca 2+ chelator EGTA. 
In addition, the fluorescent dye fura-2, which also 
has the properties of a C a  2+ chelator, is often pres- 
ent. Thus the Ca 2+ buffering capacity inside the cell 
is enhanced under such experimental conditions. If 
an internal perfusion solution not containing EGTA 
is used and electrophysiological recordings alone 
are employed, obviating the need for fura-2, then 
caffeine (1 naN) does evoke Ca 2+ spikes when added 
alone without any other stimulants (Wakui & Pet- 
ersen, 1990; Wakui et al. i). It is therefore now appar- 
ent that caffeine, a drug that lowers the threshold for 
CaZ+-induced Ca 2+ release in muscle (Endo, 1977; 
Fleischer & Inui, 1989) and modulates as well as 
induces oscillatory activity in neurons (Kuba & 
Nishi, 1976; Lipscombe et al., 1988) can under the 
right circumstances evoke regular Ca 2+ oscillations 
also in electrically nonexcitabte cells. This indicates 
a functional role for Ca2+-induced Ca 2+ release 
channels in the generation of pulsatile Ca 2+ outflow 
from intracellular Ca 2+ storage organeltes. 

In rat chromaffin cells there are often spontane- 
ous cytoplasmic Ca 2+ oscillations. Caffeine (2-10 
ram) induces an increase in the fluctuation frequency 
or evokes oscillations in cells that are initially silent. 
Similar effects are evoked by the agonists bradykinin 
and histamine. The caffeine effects are not inhibited 
by neomycin, a drug that blocks Ins (1,4,5) P3 forma- 
tion, whereas the agonist-induced effects are abol- 
ished (Malgaroli, Fesce & Meldolesi, 1990). These 
findings again show that Ca 2+-induced Ca 2 + release 
can generate cytoplasmic Ca -~+ fluctuations indepen- 
dent of Ins (1,4,5) P3- 

Marty and Tan (1989) have shown in patch- 
clamp experiments on rat lacrimal acinar cells that 
immediately after the transition from the cell- 
attached to the whole-cell configuration there is a 
transient increase in Ca2+-dependent C1- current if 
the pipette solution contains 0.2 or 1 mM Ca 2+. Un- 
like the situation in pancreatic acinar cells (Osipchuk 
et al., 1990), regular Ca 2§ oscillations were not seen 
with this Ca 2- infusion protocol, but the initial Ca 2+ 
transient represents Ca2§ Ca 2+ release and 
this phenomenon was abolished if 50/,~,M ruthenium 
red had been introduced into the cell prior to the 
Ca 2+ challenge. These experiments (Marty & Tan, 
1989) therefore represent further support for the 

model shown in Fig. 4 since ruthenium red is an 
inhibitor of the Ca2+-induced Ca 2+ release channel 
(Table). 

Two Intracellular Nonmitochondrial Ca 2+ pools 

The model shown in Fig. 4 requires two separate 
C a  2+ pools with Ca 2+ channels having different char- 
acteristics. The existence of at least two nonmito- 
chondrial intracellular C a  2+ pools has been pro- 
posed on the basis of studies where it can be shown 
that Ins (1,4,5) P3 is only able to release Ca 2+ from 
a minor compartment of the endoplasmic reticulum 
Ca 2+ pool (Biden, Wollheim & Schlegel, 1986; Thev- 
enod et al., 1989). In the pancreatic acinar cells the 
two Ca 2 + pools seem to have different types of Ca 2 + 
uptake mechanisms. The Ins (1,4,5) P3-insensitive 
pool has a normal Ca2+-ATPase pump (Martonosi, 
1984), whereas the Ins (1,4,5) P3-sensitive pool accu- 
mulates Ca 2+ via a machinery consisting of a H +- 
ATPase pump and a Ca2+-H+ exchanger (Schulz, 
Thevenod & Dehlinger-Kremer, 1989; Thevenod et 
al., 1989). In parotid acinar cells Henne, Piiper and 
S61ing (1987) have shown that Ins (1,4,5) P3 and 
GTP induce Ca 2+ release from different intracellular 
pools representing different functional domains of 
the endoplasmic reticulum. 

It has been proposed that the Ins (1,4,5) P3- 
sensitive Ca 2+ pool in nonmuscle cells consists of 
calciosomes that are small vesicles found throughout 
the cell, separate from the endoplasmic reticulum 
and containing the Ca2+-binding protein calseques- 
trin. The Ca 2+ accumulation system in these organ- 
elles consists of the CaZ+-ATPase pump with immu- 
nological properties similar to the muscle Ca 2 + pump 
(Volpe et al., 1988). However, a recent Ca 2+ imaging 
study on chromaffin cells does not readily fit in with 
this picture since the Ins (l,4,5) P3-sensitive pool 
had a location corresponding to the endoplasmic 
reticulum whereas the caffeine-sensitive pool was 
present throughout the cell (Burgoyne et al., 1989). 
The calciosomes, according to this study, might 
therefore rather correspond to the caffeine-sensitive 
pool. Furthermore, a recent study of rat liver micro- 
somes (Van, Peter & S61ing, 1989) has not confirmed 
the presence of calsequestrin in the Ins (1,4,5) P3- 
sensitive Ca 2+ pool, but instead detected four other 
intracisternal CaZ+-binding glycoproteins. A grow- 
ing number of studies indicate that agonists acting 
via Ins (1,4,5) P3 formation initially and primarily 
evoke internal Ca 2+ release from a restricted region 
of a cell (Berridge & Irvine, 1989; O'Sullivan et 
al., 1989; Dissing, Nauntofte & Sten-Knudsen, 1990; 
Osipchuk et al., 1990). These findings also do not 
support the idea that the diffusely distributed calci- 
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osomes constitute the Ins (1,4,5) P3-sensitive Ca 2+ 
pool. 

The Ins (1,4,5) P3-binding protein (Supattapone 
et al., 1988; Maeda, Niinobe & Mikoshiba, 1990) has 
now been identified as the Ins (1,4,5) P3-activated 
Ca 2+ channel (Ferris et al., 1989) and has been local- 
ized by immunohistochemical techniques to intra- 
cellular particles associated with the endoplasmic 
reticulum in cerebellar purkinje cells (Ross et al., 
1989). 

In exocrine acinar cells there is evidence indicat- 
ing that the major part of the internal Ca '-+ release 
evoked as a consequence of the processes initiated 
by receptor activation primarily comes from stores 
very close to the plasma membrane. In single parotid 
acinar cells a high carbachol concentration evokes 
a rapid hyperpolarization, due to activation of Ca 2 +- 
dependent K + channels (Petersen & Maruyama, 
1984; 1989), that significantly precedes the rise in 
[Ca2+]; measured by fura-2 microfluorimetry 
(Foskett et al., 1989). In single pancreatic acinar 
cells cytoplasmic Ca 2+ oscillations evoked by low 
doses of acetylcholine, as well as by only just supra- 
threshold Ins (1,4,5) P3 or Ca 2+ stimuli applied inter- 
nally, are detected near the cell membrane but not 
in the cell at large (Figs. 1 and 3). Caffeine potent- 
iates these responses and makes them easily detect- 
able in the whole cytoplasm (Osipchuk et al., 1990). 
This suggests that the CaZ+-induced Ca 2+ release 
which appears to be the major fraction of the Ca 2+ 
signal, at least at relatively low intensities of stimula- 
tion, primarily occurs close to the cell membrane, 
although CaZ+-induced Ca 2+ release can be evoked 
throughout the cell interior with stronger stimulation 
or when Ca2+-induced Ca 2. release is potentiated 
by caffeine. 

GTP seems able to release Ca z+ from both Ins 
(1,4,5) P3-sensitive and Ins (1,4,5) P3-insensitive 
Ca 2+ pools and this effect is independent of Ins 
(1,4,5) P3. The effect of GTP cannot be mimicked 
by nonhydrolyzable GTP-analogues and seems to 
require GTP hydrolysis (Chueh & Gill, 1986). It has 
been proposed that GTP enlarges the Ins (1,4,5) P3- 
sensitive Ca z+ pool by establishing links to the Ins 
(1,4,5) P3-insensitive pool (Ghosh et al., 1989). A 
similar role has been suggested for Ins (1,3,4,5) P4 
since in the absence of extracellular Ca z+ this sub- 
stance can enhance Ins (1,4,5) P3-evoked internal 
Ca 2+ release (Changya et al., 1989). 

While the existence of separate Ins (1,4,5) P3- 
sensitive and Ins (1,4,5) P3-insensitive Ca a+ pools is 
well established at least in some cell types (Berridge 
& Irvine, 1989; Thevenod et al., 1989), there is still 
some uncertainty about the precise localizations 
(Milani et al., 1990) and the question about func- 

tional control of operational links between these 
pools cannot be regarded as settled. 

Negative Feedback Exists 

Although the minimal quantitative two-pool model 
to account for cytoplasmic Ca 2+ oscillations (Gold- 
beter et al., 1990) proposes that individual Ca 2+ 
spikes are terminated simply due to emptying of the 
relevant Ca 2+ pool and that a new spike can only 
occur when the pool is full again, it is nevertheless 
useful to examine an alternative possibility involving 
Ca 2+ inhibition of Ca 2+ release. 

Parker and Ivorra (1990) have recently reported 
the results of some very elegant experiments provid- 
ing evidence for Ca 2+ inhibition of Ins (1,4,5) P3- 
evoked Ca 2+ release. In Xenopus oocytes internal 
Ca 2+ liberation was evoked by light flash photolysis 
of caged Ins (1,4,5) P3 (Walker et al., I987) to obtain 
a precisely controlled stimulus. Cytoplasmic Ca 2+ 
levels were monitored by recording Ca2+-dependent 
C1- current and by use of the fluorescent Ca 2+ indi- 
cator fluo-3. In such experiments Ins (1,4,5) P3-medi- 
ated Ca 2+ release is inhibited by Ca 2 + microinjection 
or by applying a conditioning Ins (1,4,5) P3 pulse at 
varying times before the test pulse. The inhibition is 
not immediate, but takes 1-2 sec to develop and 
thereafter gradually declines. Parker and Ivorra 
(1990) propose that cytoplasmic Ca 2§ oscillations 
are due to this delayed Ca 2+ inhibition of Ins (1,4,5) 
P3-evoked Ca 2+ liberation that disappears after sev- 
eral seconds (recovery from inhibition is half-com- 
plete after about 6 sec) and suggest that these find- 
ings could explain pulsatile Ca 2+ release at a 
constant Ins (1,4,5) P3 concentration. In theXenopus 
oocytes Parker and Ivorra (1990) do not find evi- 
dence for Ca2+-induced Ca 2+ release, although Ber- 
ridge (1988) proposed his model for Ca 2+ oscillations 
via Ca2+-induced Ca 2+ release on the basis of studies 
on oocytes from the same species. Parker and Ivorra 
(1990) suggest that Ca 2+ inhibits release of Ca 2+ 
from an Ins (1,4,5) P3-sensitive pool. 

Evidence for an inhibitory effect by Ca 2+ on 
Ca 2+ release has also been obtained in pancreatic 
acinar cells. In patch-clamp whole-cell recording 
studies, Ca 2+ oscillations initiated by caffeine can 
be inhibited transiently by intracellular Ca 2§ infu- 
sion and Ca 2+ oscillations initiated by intracellular 
Ca 2§ infusion can be inhibited by the Ca 2 + ionophore 
ionomycin. Ionomycin also inhibits Ca 2+ oscilla- 
tions evoked by acetylcholine and Ins (1,4,5) P3 (Wa- 
kui & Petersen, 1990). The important point is that 
Ca2+-induced oscillations are inhibited by further 
Ca 2+ mobilization, indicating that in this system the 



O.H. Pelersen and M. Wakui: Oscillating Ca 2+ Signals 101 

negative feedback occurs at the level of the Ca 2-- 
release from the Ins (1,4,5) P3-insensitive pool. Al- 
though it cannot be excluded that in the experiments 
employing the Ca 2+ ionophore ionomycin the inhibi- 
tory effects were due either to some direct interfer- 
ence by this lipophilic compound with the Ca 2+ re- 
lease mechanism or to ionophore-mediated 
emptying of the relevant Ca 2+ pools, these explana- 
tions cannot apply to the inhibitory effects of Ca 2+ 
infusion on, for example, caffeine-evoked oscilla- 
tions (Wakui & Petersen, 1990). 

In studies on isolated ryanodine-receptor chan- 
nels from muscle, inhibitory effects of Ca 2+ are ob- 
served at millimolar Ca 2+ concentrations. These ef- 
fects are similar to those exerted by millimolar Mg 2§ 
concentrations (Meissner, Darling & Eveleth, 1986). 
It has not yet been investigated whether the inhibi- 
tory Ca 2+ effects in oocytes (Parker & Ivorra, 1990) 
or pancreatic acinar cells (Wakui & Petersen, 1990) 
are specific for Ca 2+ or could also be exerted by 
other divalent cations, but in these systems it would 
appear that the inhibitory effects are present at lower 
Ca 2+ concentrations although a precise quantifica- 
tion has not yet been achieved. 

An example of Ca 2+ inhibition of Ca 2+ release 
initiated by a Ca 2+ stimulus is seen in Fig. 3. A tiny 
elevation of [Ca2+]i above the resting level following 
start ofintracellular Ca 2 + infusion initiates repetitive 
pulses of Ca 2+ release near the cell membrane, but 
as the average [Ca2+]i rises the Ca 2+ spike frequency 
decreases and at the peak level of [Ca2+] i the spikes 
disappear altogether to reappear after [Ca2+]i has 
fallen substantially. The mechanism underlying this 
negative feedback is not clear, but could involve 
Ca2+-stimulated synthesis of a labile inhibitory 
agent. 

Extracellular Ca 2+ Plays a Role, but is not 
the Primary Source for the Cytoplasmic 
Ca 2§ Oscillations 

Up to now the receptor-activated cytoplasmic Ca 2 + 
oscillations have been dealt with as if they were 
completely independent of extracellular Ca 2+, and 
the model shown in Fig. 4 does not have an element 
of regulated Ca 2+ inflow. This is reasonable in the 
sense that oscillations in [Ca2+]i have been observed 
in many systems in the absence of external Ca 2+ 

(Kruskal & Maxfield, 1987; Prentki et al., 1988; Wa- 
kui et al., 1989), but in other studies receptor-acti- 
vated Ca 2§ spikes disappear when external Ca 2+ is 
removed and rapidly reappear after Ca 2+ readmis- 
sion (Jacob et al., 1988; Yule & Gallacher, 1988). In 
internally perfused renaljuxtaglomerular cells it has 

been shown that the frequency of C a  2+ spikes in- 
duced by GTP-y-S can be increased by elevating the 
external Ca 2+ concentration from the normal 2 to 10 
mM and decreased by exposing cells to a nominally 
Ca2T-free solution (Kurtz & Penner, 1989). 

The mouse pancreatic acinar cells are particu- 
larly interesting since extracellular Ca 2+ depen- 
dency is present or absent depending on the precise 
experimental situation. In intact single cells where 
the Ca 2+ oscillations are studied by microfluorime- 
try after loading with fura-2 acetoxymethyl ester 
(Yule & Gallacher, 1988) acetylcholine evokes oscil- 
lations in [Ca2+] i which in the initial phase (1-2 min) 
are independent of external Ca 2+. In the sustained 
phase of stimulation, however, the removal of Ca 2+ 
immediately causes cessation of the oscillations and 
these reappear after external Ca 2+ readmission. Sur- 
prisingly, the same cells isolated in exactly the same 
way in the same laboratory behave in a somewhat 
different manner when investigated in the patch- 
clamp whole-cell recording configuration. In such 
experiments both acetylcholine- and Ins (1,4,5) P~- 
evoked Ca 2+ oscillations are completely unaffected 
by removal and readmission of external Ca 2+ for 
about 7-8 rain after start of stimulation (Wakui et 
al., 1989), but external Ca 2§ dependency thereafter 
gradually develops and finally becomes absolute 
(Fig. 5). These experiments show that the oscillation 
mechanism is not primarily linked to control of Ca 2+ 
influx through the surface cell membrane, but indi- 
cate that during prolonged periods of stimulation 
intracellular Ca 2+ deprivation occurs and reloading 
from the extracellular Ca 2+ compartment becomes 
necessary. It therefore seems justified to focus on 
the intracellular transport events with regard to un- 
derstanding the basic mechanisms underlying the 
cytoplasmic Ca 2+ oscillations (Fig. 4). The regula- 
tion of Ca 2+ influx and the possible role of inositol 
(1,3,4,5) tetrakisphosphate in this process is the sub- 
ject of much discussion, but has been reviewed in 
detail elsewhere (Berridge & Irvine, 1989; Petersen, 
1989, 1990). 

Ca 2+ Oscillations Can Occur Synchronously in 
Adjacent Cells Linked by 
Communicating Junctions 

Cytoplasmic Ca 2+ oscillations are normally studied 
in single cells, but most tissues consist of cells linked 
by junctional channels allowing both chemical and 
electrical communication (Loewenstein, 1981). 
Pralong, Wollheim and Bruzzone (1988) assessed 
[Ca2+]i in small clusters of rat pancreatic acinar cells 
(acini) which are extremely well coupled (Petersen 
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& Findlay, 1987; Petersen & Maruyama, I989) and 
found that the cholecystokinin analog caerulein 
evoked regular Ca 2+ spikes in these units. Pralong 
et al.'s (1988) finding demonstrates that Ca 2+ spikes 
occur synchronously in coupled cells. Synchronized 
oscillations in cytoplasmic Ca 2 + concentration have 
also been demonstrated in confluent bradykinin- 
stimulated pulmonary artery endothelial cell mono- 
layers (Sage, Adams & Van Bremen, 1989). A recent 
study of isolated parotid acini using imaging of fura- 
2 fluorescence has shown that the early rise in [Ca2+]~ 
following maximal carbachol stimulation occurs si- 
multaneously in neighboring coupled cells (Dissing 
et al., 1990). It would be interesting to study system- 
atically [Ca2+]z oscillations with imaging techniques 
in cell clusters during normal conditions and during 
experimental situations where the cells had been 
uncoupled by, for example, heptanol or octanol 
(Meda et al., 1986). 

On the basis of the limited evidence so far avail- 
able it seems reasonable to expect major cyto- 
plasmic Ca 2+ oscillations to be occurring synchro- 
nously in adjacent well-coupled cells, but it is 
possible that short-lasting Ca 2+ spikes restricted to 
the cytosolic space very near to the plasma mem- 
brane (Figs. 1 and 3) may not be seen simultaneously 
in all cells in a small communicating cell cluster. 
This point deserves further study as it could have 
considerable physiological implications. 

There are Specific Receptor-Mediated 
Ca 2+ Signatures 

There is some controversy concerning the relation- 
ship between intracellular Ins (1,4,5) P3 concentra- 
tion and oscillation frequency. In studies on liver 
and endothelial cells the frequency of Ca 2+ spikes 

increases with increasing agonist concentration 
(Woods et al., 1986; Jacob et al., 1988; Rooney, Sass 
& Thomas, 1989), whereas in parotid acinar cells 
no such relationship has been found (Gray, 1988). 
Although Yule and Gallacher (1988) did not find any 
clear relationship between acetylcholine concentra- 
tion and frequency of [Ca2+] i oscillation in intact 
mouse pancreatic acinar cells, the situation was dif- 
ferent when exactly the same cells were investigated 
in the patch-clamp whole-cell recording configura- 
tion. In these internally perfused cells Wakui et al. 
(1989) found that the frequency of the CaZ+-depen - 
dent C1- current pulses increased with increasing 
acetylcholine concentration. At high concentrations 
the Ca 2+ spikes fused to give a sustained response. 
An increase in the concentration of the nonmetabo- 
lizable Ins (1,4,5) P3-analogue inositol (1,4,5) tris- 
phosphorothioate in the internal perfusion solution 
also appeared to cause an increase in the frequency 
of the evoked Ca 2+ spikes. 

According to the model shown in Fig. 4 one 
would expect different agonists to evoke the same 
pattern of cytoplasmic Ca 2 § oscillations, even if they 
interacted with separate receptor sites (but, of 
course, both linked to inositol lipid breakdown), if  
the agonist doses were matched in such a way that 
the rate of Ins (1,4,5) P3 formation was the same. 
The prediction seems incorrect, since in hepatocytes 
different agonists evoke specific patterns of changes 
in [Ca2+]i (Woods et al., 1987; Rooney et al., 1989). 

In the pancreatic acinar cells, cholecystokinin 
and acetylcholine, agents that are known to bind to 
separate receptor sites but both evoke inositol lipid 
breakdown and Ins (1,4,5) P3 generation (Schnefel 
et al., 1988), induce somewhat different patterns of 
Ca 2+ signals (Osipchuk et al., 1990). These findings 
show that the model in Fig. 4 is an oversimplification 
and that Ins (1,4,5) P3 cannot be the only receptor- 



O.H. Petersen and M. Wakui: Oscillating Ca ,-+ Signals 103 

generated internal message controlling Ca 2+ trans- 
port. Diacylglycerol (DAG) is, of course, generated 
together with Ins (1,4,5) P3, and it cannot be ex- 
cluded that different proportions of the two messen- 
gers are produced by different agonists due to differ- 
ences in the relative rates of breakdown of 
phosphatidylinositolphosphate and phosphatidyl- 
inositol bisphosphate (Berridge, 1987). It is also now 
known that many stimuli can activate a phospholi- 
pase D causing hydrolysis of phosphatidylcholine 
which would generate DAG (Billah et al., 1989). 
Varying the balance between phospholipase C and 
D stimulation would therefore produce different Ins 
(1,4,5) PJDAG ratios. Diacylglycerol is generally 
acting via activation of protein kinase C (Nishizuka, 
1988) but other pathways cannot be totally excluded. 
There is evidence suggesting that phorbol esters, 
presumably acting via protein kinase C activation, 
inhibit receptor-activated Ins (1,4,5) P3 production 
(Llano & Marry, 1987; Maruyama, 1989; Swarm et 
al., 1989). Other messengers such as cyclic AMP 
and cyclic GMP may also play a role, and the possi- 
bility that an agent known to activate phosphoinosi- 
tidase C (phospholipase C) also causes, for example, 
adenyl cyclase activation should not be ignored. In 
the case of cholecystokinin action on pancreatic aci- 
nat cell membranes it is known that there is, at least 
at high concentrations, activation ofadenyl cyclase, 
whereas acetylcholine does not activate this enzyme 
(Schulz, 1989). Acetylcholine and cholecystokinin 
receptors interact with different G-proteins and 
while both these G-proteins can link up with phos- 
phoinositidase C (Schnefel et al., 1988), they may 
also be able to connect other effectors and these 
could be different for the two types of G-proteins. It 
is interesting in this context that internal stimulation 
of pancreatic acinar cells with GTP-,/-S, that would 
undoubtedly interact with several different kinds of 
G-proteins, produces [Ca2+]i changes that seem to 
combine the patterns characteristic for acetylcholine 
and cholecystokinin although being perhaps domi- 
nated by the latter (Osipchuk et al., 1990). In some 
situations it is likely that the agonist-specific patterns 
of Ca 2+ spikes are due to specific modifications of 
Ca -~+ extrusion from the cells and Ca 2+ uptake into 
the various internal pools (Osipchuk et al., 1990), 
but at this stage there is no specific information on 
this point. 

Conclusion 

The two-pool model proposed by Berridge and Gall- 
one (1988) and Berridge and Irvine (1989) to account 
for receptor-activated cytoplasmic Ca 2+ oscillations 
has been very fruitful as it has focussed the attention 

on a number of critical experiments that have now 
been carried out. Figure 4 is a slightly modified ver- 
sion of the Berridge model and several key points 
are now based on direct experimental evidence. The 
Ins (1,4,5) P3-activated Ca 2+ channel has been iso- 
lated and sequenced and most importantly its physi- 
ological and pharmacological properties investi- 
gated (Ehrlich & Watras, 1988; Ferris et al., 1989; 
Furuichi et al., 1989; Maeda et al., 1990). Direct 
evidence for Ca2+-induced and caffeine-sensitive re- 
petitive intracellular Ca 2+ release in pancreatic aci- 
nat cells as well as evidence that the resulting Ca 2+ 
spikes are similar to those produced by surface mem- 
brane receptor activation have been obtained (Osip- 
chuk et al., 1990), showing that the Ca2+-activated 
Ca 2+ release channel is important for receptor-acti- 
vated Ca 2+ release. This channel has been isolated 
from skeletal and cardiac muscle and its basic chemi- 
cal, structural, physiological and pharmacological 
properties are now well established (Meissner, 1984; 
Meissner et al., 1986; Lai et al., 1988; Rousseau et 
al., 1988; Takeshima et al., 1989). Evidence for the 
presence of a somewhat similar channel in nonmus- 
cle tissue is now beginning to emerge since Schmid 
et al. (1990) have shown caffeine-activation of single 
Ca 2+ channels isolated from the endoplasmic reticu- 
lum of pancreatic acinar cells. 

Berridge and Galione (1988) proposed that Ca 2+- 
induced Ca 2+ release was due to uptake of Ca 2+ in 
an Ins (1,4,5) P3-insensitive pool, eventual overfilling 
of the pool and therefore release due to the "Ca 2+ 
pressure." The Ca 2+ spike would be terminated 
when the pool was empty, and the interval between 
spikes would therefore depend on the time taken for 
renewed overfilling. The rate-limiting factor under 
most circumstances would be the Ins (1,4,5) P3- 
evoked Ca 2+ flow that provided the Ca 2+ to be taken 
up into the Ca2+-sensitive pool. According to this 
model concept Ca 2+ release would be activated by 
the "Ca 2+ pressure" inside the store. The Ca 2+- 
induced Ca 2+ release (ryanodine) channel is, how- 
ever, activated by Ca 2§ acting on the outside (cyto- 
plasmic side) of the channel (Lai et al., 1988), and it 
is therefore simpler to suggest that the Ca 2§ released 
by Ins (1,4,5) P3 into the cytoplasm acts directly on 
the ryanodine channel to cause opening as envisaged 
in more recent work (Goldbeter et al., 1990; Osip- 
chuk et al., 1990). Whether the Ca2+-sensitive Ca 2+ 
pools are actually emptied during individual spikes 
is unknown. An alternative explanation for the oscil- 
latory behavior of the system may be negative feed- 
back by Ca 2§ so that a rise in [Ca2+] i at a critical site 
above the level that opens the ryanodine channels 
would switch them off. The concept of repetitive 
emptying and filling of Ca2§ pools is ap- 
pealing from the point of view of explaining the rela- 
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tionship between frequency of spikes and agonist 
dose seen in some cell types, but seems unattractive 
energetically. The amounts of Ca 2+ released at low 
intensities of stimulation, apparently only generating 
Ca 2+ spikes close to the cell membrane (Osipchuk 
et al., 1990) are probably quite small and therefore 
provide an energy-saving signalling mechanism. The 
sequential operation of two types of C a  2+ pools as 
shown in Fig. 4 is an attractive feature because it 
allows signal amplification in a simple manner. The 
possibility of the Ca 2+ waves spreading by Ca > -  
induced Ca 2+ release throughout the cell at higher 
intensities of stimulation (Osipchuk et al., 1990) is 
also useful since Ca 2+ may serve as a messenger for 
many different types of events, not all necessarily 
controlled at the cell membrane. This view of Ca 2+- 
induced C a  2 + release is supported by data from chro- 
maffin cells showing that caffeine induces a general 
cytoplasmic rise in [Ca2+] i in contrast to the re- 
stricted elevation due to Ins (1,4,5) P3 mobilizing 
agents (Burgoyne et al., t989). By distributing the 
sensitivity of Ca 2+ release to Ca 2+ in particular ways 
it may be possible to control the spreading of Ca 2+ 
signals at different intensities of stimulation. Precise 
characterization of the spatio-temporal organization 
of Ca 2+ signals is now, in principle, possible with 
the help of high-resolution imaging techniques (Wil- 
liams et al., 1985; O'Sullivan et al., 1989; Dissing et 
al., 1990), and this technique is now beginning to 
be applied systematically to study the mechanisms 
underlying receptor-activated cytoplasmic Ca 2+ os- 
cillations (Jacob, 1990). 
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