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Introduction 

Recent years have witnessed intensive efforts in un- 
ravelling the mechanisms by which Ca 2 + is regulated 
inside exocrine acinar cells following the stimulation 
of receptors for secretagogues such as acetylcholine 
(ACh). The main steps that may be distinguished in 
this process are: (1) inositoltrisphosphate-dependent 
C a  2+ release from internal nonmitochondrial pools; 
(2) activation of regulatory feedbacks resulting in 
C a  2+ fluctuations and propagated Ca 2+ waves; (3) 
entry of Ca 2+ ions from the external solution; and 
(4) restoration of the initial C a  2+ level by transfer of 
residual cytosolic Ca 2+ ions to internal stores and to 
the extracellular solution. The first of these steps is 
by far that which has been most extensively investi- 
gated and which is best understood. It is the main 
topic of the present review. Some specific aspects 
of steps 2 and 3 will also be discussed. In particular, 
it will be seen that there is a close association be- 
tween the initiation of the Ca 2 + release and the gen- 
eration of Ca z + fluctuations during sustained agonist 
application. Step 4, which has not been studied in 
any detail at the cellular level in this type of prepara- 
tion, will not be discussed. 

C a  2+ Signaling Pathway 

There is a large body of evidence, not be reviewed 
here, indicating that Ca 2 + release in exocrine glands 
follows the classical signaling pathway, involving an 
intermediate G protein, phospholipase C activation 
and inositoltrisphosphate-sensitive C a  2+ stores (re- 
viewed in Berridge & Irvine, 1989; Rana & Hokin, 
1990). From the physiologist's standpoint which is 

Key Words exocrine glands �9 secretory granules �9 cal- 
cium stores �9 endoplasmic ret iculum �9 inosi tol t r isphosphate  �9 ion 

channels  

taken here, such a scheme implies that stimulating an 
acinar cell with GTPyS or with inositoltrisphosphate 
should result in an external Ca-independent rise of 
Cai. In agreement with these predictions, Ca-depen- 
dent K + and C1- currents could be stimulated by 
applying either compound via a patch-clamp pipette 
in the lacrimal gland (Evans & Marty, 1986; Llano & 
Marty, 1987), in the exocrine pancreas (Maruyama, 
1989; Wakui, Potter & Petersen, 1989) and in the 
mandibular gland (Cook et al., 1988). The pathway 
leading to C a  2 + release offers several potential feed- 
back mechanisms. First, phospholipase C is known 
in other systems to be potentiated by an elevation 
of Ca/ .  The available evidence suggests that this po- 
tential positive feedback is not operating in exocr~ne 
glands (reviewed in Petersen & Wakui, 1990), but 
more studies on more gland types are needed before 
a definitive statement can be made. Secondly, pro- 
tein kinase C is known in several systems, including 
parotid glands (Sugiya, Obie & Putney, 1988) to in- 
hibit InsP 3 production (reviewed in Rana & Hokin, 
1990). As protein kinase C is itself activated by phos- 
pholipase C-produced diacylglycerol and by Ca;, this 
provides a slow inhibitory feedback. Inhibition of 
ACh-induced responses is indeed observed follow- 
ing protein kinase stimulation in rat lacrimal glands 
(Llano & Many, 1987) and in rat pancreas (Maruy- 
area, 1989), but not in the rat parotid (Gray, 1988). 
In rat lacrimal glands, the primary target of the inhi- 
bition appears to be G protein or phospholipase C, 
whereas it is the muscarinic receptor which is inhib- 
ited in pancreatic cells (Maruyama, 1989). Thus the 
results appear to depend critically on the gland type 
considered. In lacrimal glands, it was shown that 
the protein kinase C feedback is responsible for the 
desensitization of the response--a process which 
develops and fades on a time scale of minutes (Tan 
& Marty, 1991). 

Arachidonic acid production accompanies the 
activation of the phosphoinositide pathway (Rana 
& Hokin, 1990). Maruyama (1990) recently showed 
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that arachidonic acid application depresses the re- 
sponse to ACh in the exocrine pancreas, and he 
further obtained evidence indicating that this inhibi- 
tion is caused by a loss of sensitivity of InsP3 recep- 
tors for the agonist. The inhibition of InsP 3 receptors 
by arachidonic acid suggests the existence of a nega- 
tive feedback which could operate in parallel or in 
synergy with that of protein kinase C. The relevance 
of the former feedback remains, however, unclear 
(see Tan & Marty, 1991). 

Ca z+ Release  Channels 

C a  2+ release channels may be studied after fusion of 
microsomes with planar artificial membranes. Such 
techniques have been successfully applied to muscle 
tissue, where a Ca2+-dependent Ca 2+ channel (the 
ryanodine receptor) and an InsP3-dependent Ca z+ 
channel (Ehrlich & Watras, 1988) have been charac- 
terized. Similar reconstitution methods have only 
recently been applied to exocrine tissue. A Ca 2+- 
selective channel was found which is, like the rya- 
nodine receptor, activated by caffeine and inhibited 
by ruthenium red (Schmid et al., 1990). However, 
this channel is not affected by ryanodine or by C a  2+ 

and in addition displays a sensitivity to potential 
which is lacking in the ryanodine receptor. The chan- 
nel described by Schmid and coworkers is not sensi- 
tive to InsP3 or to heparin and is therefore also dis- 
tinct from the InsP3-gated channel from muscle 
tissue. Clearly more work is needed to characterize 
the properties of Ca 2+ channels located in the intra- 
cellular organelles of acinar cells and to compare 
them with those of the sarcoplasmic reticulum of 
muscle cells. 

The Initiation of  Ca 2+ Release  

Upon application of ACh, Cai rises rather abruptly 
following a latency on the order of one to several 
seconds (Merritt & Rink, 1987; Horn & Marty, 1988; 
Fig. 1). A high resolution recording of the Ca 2+ sig- 
nal together with the Ca2+-dependent current 
showed that the latter leads the former by about 0.1 
sec (Foskett et al., 1989). This rather paradoxical 
result was interpreted on the basis of a Ca 2§ signal 
propagated from the periphery to the center of the 
cell. As the signal starts at the periphery, the Ca 2 § 
signal averaged on the entire cell volume is too small 
to be detected. Large Ca2+-dependent currents are, 
however, observed because the Ca 2+ concentration 
near the plasma membrane is high. 

The delay decreases with increasing agonist 
concentrations, until it reaches a minimum value 

1. 
20 ~M IP3 0.5 mM Ca 

~ l s  

0.5/JM ACh 

Fig. 1. The initiation of ACh-induced current. All recordings 
were taken at - 6 0  mV (from three different cells). Upper traces: 

Responses to sudden applications of 20/ZM lnsP~ (left) or 0.5 mM 
Ca 2+ (right) through the recording pipette. Downward deflections 
reflect inward CI- currents. The pipette-cell connections were 
established at the vertical arrows. Lower trace: ACh-induced C1 - 
current. Note the longer latency of the response and the biphasic 
time course of the current rise. The initial phase (arrow head) 
has a time course similar to those obtained with InsP3 or Ca 2+. 
Reproduced from Marty et al. (1989) with permission of the pub- 
lisher. 

which cannot be overcome. In rat lacrimal glands, 
the relation between the delay, d, and the agonist 
concentration, A, was shown to follow the relation 

l / d  = 1/d| + m A  (i) 

where d| is the delay at saturating agonist concentra- 
tion and m is a constant. It was further shown that 
such a relation is expected from a simple kinetic 
model supposing a linear accumulation of active 
phospholipase C molecules with time and a regener- 
ative Ca signal occurring once a threshold value for 
the number of active molecules of phospholipase C 
is reached (Marty et al., 1989). 

An analysis of the response kinetics as a func- 
tion of membrane potential showed that the slope m 
of Eq. (1) is voltage dependent, such that depolariz- 
ing the membrane is equivalent to reducing the ACh 
concentration. This result was interpreted as being 
due to a sensitivity of ACh binding to the membrane 
potential (Marty & Tan, 1989). Such sensitivity is 
expected if the agonist binding site is located in a 
deep region of the receptor molecule, where the 
membrane potential is susceptible to modify the lo- 
cal electric field. 
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Ca2+-Induced Ca 2+ Release 

The shape of the initiation of the Ca-induced re- 
sponse is very suggestive of a regenerative C a  2+ 

signal. Its sigmoid time course could alternatively 
be explained on the basis of cooperative binding 
of several InsP3 molecules on the same receptor 
(Meyer, Holowka & Stryer, 1988), but the number 
of binding sites necessary to account for the very 
abrupt take-off of the response after the latent period 
(Fig. 1) would be exceedingly high. Additional evi- 
dence in favor of a regenerative Ca 2+ signal comes 
from experiments where either Ca 2+ or InsP 3 were 
injected into acinar cells, resulting in all or none 
Ca 2+ spikes (Marry & Tan, 1989; Osipchuk et al., 
1990). In lacrimal glands, C a  2+ applications were 
performed by breaking into an acinar cell with a 
pipette loaded with a high Ca 2+ concentration (0.1-1 
mM). This resulted in transient responses which 
could be blocked by ruthenium red, a blocker of the 
channel responsible for CaZ+-induced Ca 2+ release 
of the sarcoplasmic reticulum (Marty & Tan, 1989; 
Fig. 1). Similar transients were also obtained with 
InsP 3 stimulations. These experiments led to the sug- 
gestion that the initiation of the response corre- 
sponded to the triggering of Ca-induced Ca release 
following the local accumulation of InsP3 up to a 
certain threshold (Marty & Tan, 1989; Marty et al., 
1989). In mouse pancreatic cells, similar transients 
were observed with Ca 2+ and InsP3 applications 
(Osipchuk et al., 1990). In addition, it was shown 
that both responses were potentiated by caffeine, 
and that the response to InsP3, but not that to Ca 2+, 
was blocked by heparin (Wakui, Osipchuk & Pet- 
ersen, 1990). Taken together, the results from both 
preparations strongly support a scheme by which 
the Ca 2+ signal is initiated by a local C a  2+ release 
triggered by InsP3 which is suddenly amplified and 
propagated due to Ca z +-induced Ca z + release. Thus, 
the finding that caffeine potentiates both Ca 2+ and 
InsP3-induced responses is in agreement with the 
notion that both responses employ the caffeine-sen- 
sitive Ca 2+ channels involved in Ca2+-induced Ca 2+ 
release. Likewise, the finding that heparin, a blocker 
of the InsP3-sensitive channel of smooth muscle cells 
(Ehrlich & Watras, 1988), only blocks the InsP 3- 
induced transient is as predicted by the notion that 
large Ca 2+ concentrations can bypass the initial 
InsP3-sensitive step. 

Ca 2+ Fluctuations 

C a  2+ fluctuations in exocrine glands and in other 
nonexcitable tissues have been covered by two ex- 
cellent recent reviews (Berridge, 1990; Petersen & 

Wakui, 1990) and will therefore not be discussed in 
detail here. One important point which has recently 
emerged from the measurement of Ca-dependent 
currents is that there are two distinct modes of C a  2+ 

fluctuations. The first mode consists of fast current 
transients (lasting about 1 sec each at room tempera- 
ture) which are irregular in size and which are 
usually not organized in a periodic fashion. This 
"chaotic" mode is preferentially obtained when 
stimulating with InsP 3 (Evans & Marty, 1986) or 
with low ACh concentrations (Marty & Tan, 1989; 
Osipchuk et al., 1990). In pancreatic acinar cells, it 
can also be obtained with Ca injections (Osipchuk 
et al., 1990). The second mode consists of regular 
and periodic transients (Evans & Marty, 1986) with 
a period that depends more on temperature than on 
agonist concentration (Gray, 1988). This oscillating 
mode is selectively obtained when stimulating with 
moderate ACh concentrations (Evans & M a r t y ,  
1986; Marty & Tan, 1989; Osipchuk et al., 1990). In 
the exocrine pancreas, it was recently demonstrated 
using simultaneous recordings of whole-cell C1- cur- 
rents and of Fura-2 associated fluorescence that the 
"chaotic" mode is associated with a minimal cellular 
Ca 2+ rise, implying that the underlying Ca 2+ signal 
is not spread out in the entire cell and that it is 
instead a local signal arising primarily from regions 
of the cell close to the plasma membrane (Osipchuk 
et al., 1990). In rat lacrimal glands, it was noted that 
the transients observed during the "chaotic" fluc- 
tuations were similar to the first phase of the re- 
sponses obtained when applying moderate or large 
ACh concentrations (Marty & Tan, 1989). It thus 
seems reasonable to assume that the first phase of 
the response to ACh consists of a special kind of 
Ca 2+ transient which is localized and which resem- 
bles the repetitive transients observable in the "cha- 
otic" fluctuation mode. 

Regenerative Responses of InsP3-Sensitive Stores 

It appears from the previous sections that the acinar 
cell has two Ca 2+ amplification mechanisms. The 
first mechanism is triggered either by InsP3 or by 
Ca 2+ and leads to short and localized Ca 2+ tran- 
sients. The second mechanism leads to the propaga- 
tion of the Ca 2+ signal to the entire cell. Assuming 
that InsP3-sensitive Ca 2+ stores are involved in the 
former case, the results suggest that such stores are 
actually able to produce regenerative Ca 2+ signals 
by themselves. 

Additional evidence from other preparations 
(rat mast cells: Neher, 1988; guinea-pig hepatocytes: 
Ogden et al., 1990; Xenopus oocytes: Parker & 
Miledi, 1989; hamster eggs: Miyazaki, 1988) also 
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suggests that InsP3-sensitive C a  2+ stores can dis- 
charge their content in a regenerative way. Thus 
Parker and Ivorra (1990) recently demonstrated that 
restricted regions in Xenopus  oocytes release Ca 2§ 
after photolysis of caged InsP 3 in an all-or-none man- 
ner. The time course of the Ca 2§ transients observed 
in the oocytes is similar to the fast transients corre- 
sponding to the "chaotic" mode of Ca 2 + fluctuations 
in exocrine glands. It is also similar to that of the 
single Ca 2§ transients which may be obtained upon 
intracellular InsP 3 application in rat peritoneal mast 
cells (Neher, 1988). As in the other preparations, 
InsP3-induced transients of mast cells are all or none. 
In this preparation, the presence of large Ca 2+ tran- 
sients in average Ca 2§ measurements implies that 
the InsP3-induced Ca 2 § transients invade the entire 
cell. 

The mechanism underlying the regenerative 
Ca 2§ signals triggered by InsP3-sensitive stores is 
not known. The evidence obtained from previously 
mentioned experiments in lacrimal glands suggests 
that CaZ+-induced-Ca 2+ release may be involved, 
since caffeine and ruthenium red appear to have 
potentiating and inhibiting effects on fast transients, 
respectively. On the other hand, two very recent 
reports indicate that InsP3-sensitive Ca 2+ channels 
from the brain display a strong sensitivity to the 
cytosolic Ca 2+ concentration (Bezprozvanny, Wa- 
tras & Ehrlich, 1991 ; Finch, Turner & Goldin, 1991). 
In each report the dependence of InsP3-induced 
Ca 2§ release on Ca 2+ concentration was bell- 
shaped, with a strong potentiation elicited by in- 
creasing the Ca 2 + concentration in the submicromo- 
lar range. This Ca 2+ sensitivity could underlie the 
fast local Ca 2+ transients elicited by InsP3. To sum 
up, it appears likely that two separate positive feed- 
back mechanisms are involved in the Ca 2+ response: 
a local regenerative response possibly reflecting the 
properties of InsP3-sensitive channels and a propa- 
gated Ca 2§ wave presumably resulting from Ca 2§ 
induced Ca 2 § release in the endoplasmic reticulum 
(Fig. 2). 

Ca 2+ Imaging 

Ca z+ imaging has been recently used to study the 
initiation of C a  2+ release in rat exocrine pancreas 
(Kasai & Augustine, 1990) and in rat parotids (Dis- 
sing, Nauntofte & Sten-Knudsen, 1990) using small 
aggregates of partially dissociated acinar cells. Such 
clusters keep a luminal/basolateral polarity, the re- 
gions of the cell which are close to the area of contact 
appearing rich in secretion granules, which are nor- 
mally found on the luminal aspect of the cells. In one 
study, no spatial heterogeneity could be resolved 

\ - . J  

Fig. 2. Two mechanisms of amplification of Ca 2+ signals, lnsP3- 
sensitive channels of InsP3-releasable stores are supposed to be 
sensitive both to InsP3 (squares) and to Ca 2§ (dots), such that 
application of InsP 3 leads to a first type of  generative Ca 2 § signal 
(1). This first amplification mechanism is assumed to be localized. 
Once a certain level of  activation of  InsP3-sensitive stores has 
been reached, Ca 2+ ions are able to bind to Ca2+-sensitive Ca 2+ 
channels located on the endoplasmic reticulum (2). This starts a 
new type of Ca 2+ amplification, which is propagated along the 
endoplasmic reticulum (3). 

during the onset of ACh application (Dissing et al., 
1990). But in the other study, which benefited from 
a better time resolution and from more favorable 
temperature conditions (room temperature instead 
of 38~ it was found that the first sign of a response 
is a localized Ca 2+ rise restricted to the luminal re- 
gion and that this is followed after a lag of around 1 
sec by a homogeneous Ca 2+ rise in the entire cell 
(Kasai & Augustine, 1990; see Fig. 3). Cell currents 
were not measured during the Ca 2+ imaging experi- 
ments. In further experiments using simultaneous 
measurements of Whole-cell current and of the aver- 
age Ca 2+ concentration, two phases in the response 
to ACh were again distinguished. It was shown that 
the first phase of current was accompanied by a 
minimal change of the average Ca 2§ concentration 
and that the ionic selectivity of the conductance 
underlying the two phases were different. The first 
phase was exclusively selective for CI- ions while 
the second phase comprised both CI - and cation- 
selective currents. These results suggest the pres- 
ence of distinct membrane domains, the luminal 
membrane containing mainly Ca2§ CI- 
channels and the basolateral membrane containing 
both Ca2+-dependent CI channels and Ca2+-depen - 
dent cation-selective channels. To interpret their im- 
aging results, Kasai and Augustine (1990) further 
suggested that InsP3-sensitive stored are primarily 
localized in the luminal part of the cell. 

In view of the results described so far, the gen- 
eral scheme illustrated in Fig. 4 can be put forward. 
InsP3 is produced near the basolateral membrane, 
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Fig. 3. Luminal initiation of Ca z+ release. (a) Experimental ar- 
rangement. A pipette containing 10 ~tM ACh was positioned next 
to a trio of pancreatic acinar cells. Luminal (L) versus basolateral 
(B) poles of each cell were distinguished on the basis of the 
presence of secretory granules near the regions of contact. (b) 
Ca 2+ profiles along the L-B axis (box in a) at various times after 
the onset of A Ch application. For Ca 2 + measurement, cells were 
loaded with fura-2, fluorescence images were obtained using 390 
nm excitation, and Ca 2+ concentrations were calculated off-line 
using a reference image taken at 360 nm excitation before ACh 
application. Reprinted by permission from Nature Vol. 348, pp. 
735-738. Copyright �9 1991 Macmillan Magazines Ltd. 

where ACh receptors are located (left panel), and 
diffuses to the luminal pole of the cell, where it 
l i b e r a t e s  C a  2+ ions (middle panel). The Ca 2+ signal 
is then propagated to the entire cell by way of Ca 2+- 
induced-Ca 2+ release (right panel). This model, 
however, raises a paradox. InsP3 has to diffuse from 
the basolateral to the luminal pole of the cell before 
it elicits any C a  2 + release. Yet the basolateral aspect 
of exocrine acinar cells is extremely rich in endoplas- 
mic reticulum, so that it is surprising that no release 
should be evoked there if the endoplasmic reticulum 
is the source of InsP3-induced Ca 2+ release. One 
possible interpretation is presented in the next 
section. 

InsP3-Sensitive Ca 2+ Stores May Be Associated to 
Exocytotic Vesicles in Certain Preparations 

In cerebellar Purkinje cells, immunochemical tech- 
niques have demonstrated a rather wide distribution 
of InsP 3 receptors in the entire cell (Mignery et al., 

1989; Sa.toh et al., 1990). Immunogold labelling indi- 
cates that the receptors are associated with the 
smooth endoplasmic reticulum, particularly with 
stacks of parallel cisternae (Mignery et al., 1989; 
Satoh et al., 1990). Unfortunately, similar results are 
not available in exocrine glands. It will be interesting 
to know whether InsP3 receptors are in fact localized 
in the luminal pole of the cell and also to what subcel- 
lular membranes the receptors are associated. Re- 
cent evidence indicates that InsP3-sensitive pools of 
retinal photoreceptors and bipolar cells of verte- 
brates are specifically localized in presynaptic termi- 
nals (Peng et al., 1991). These results suggest that 
in some cells, InsP3 receptors are associated with 
unknown structures ofpresynaptic sites, which may 
be distinct from the endoplasmic reticulum. In fact, 
a recent report indicates that chromaffin granules 
respond better to InsP 3 than endoplasmic reticulum- 
derived vesicles (Yoo & AIbanesi, 1990). Likewise, 
the sensitivity to InsP 3 of microsomal fractions from 
brain synaptosomes is closely associated to synaptic 
vesicles (Finch et al., 1991). These findings suggest 
that, in certain preparations, InsP3-sensitive stores 
might be located on secretory vesicles in addition 
to, or in place of, the endoplasmic reticulum. 

lnsP3-Sensitive Stores in Exocrine Glands 

The hypothesis of a selective location of InsP3 recep- 
tors on secretory granules would be readily compati- 
ble with the evidence illustrated in Fig. 3 suggesting 
that InsP3-sensitive C a  2+ stores are located on the 
luminal end of the acinar cells, because this region 
of the cell is packed with secretory granules. These 
granules are a major C a  2+ storing site in secreting 
cells, but there is no known function for their Ca 2+ 
storage capability. Subfractionation experiments 
from vesicular membranes of rat pancreatic acinar 
cells have been used to suggest that the InsP3-sensi- 
tire store is a fraction of the endoplasmic reticulum 
(Streb et al., 1984). However, the evidence is only 
indicative since (1) fractions enriched in endoplas- 
mic reticulum may have contained a contamination 
of lysed and resealed granules and (2) heavy frac- 
tions containing intact granules were in fact able to 
release Ca 2+ upon application of InsP 3. Thus the 
proposal of a granule localization of InsP3-sensitive 
stores cannot be excluded on the basis of the sub- 
fractionation experiments. More recently, several 
investigations have been directed at characterizing 
the mechanism of C a  2+ uptake of InsP3-sensitive 
pools. These pools are not associated with a vana- 
date-sensitive Ca 2+ ATPase but with a C a  2+ uptake 
system consisting ofa  M g  2+ , ATP-driven H + uptake 
and of a Ca2+-H+ exchanger (Th6venod & Schulz, 
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1. Basolateral InsP 3 production 2. Ca2+ release from luminal stores 3, Propagation of Ca2+ wave along ER 

Fig. 4. Ca 2+ signaling and cell polarity. InsP3 (square) is produced near the basolateral membrane as a result of the activation of 
phospholipase C (left). InsP 3 then diffuses through the entire cell and binds to specific receptors linked to luminal Ca 2+ stores. As a 
result of InsP3-receptor binding, Ca 2+ ions are liberated (middle panel). The ensuing cytoplasmic Ca 2+ rise initiates Ca2+-induced Ca 2+ 
release in the endoplasmic reticulum (right panel), and the Ca 2+ signal propagates back to the basolateral pole of the cell. 

1988; Thdvenod et al., 1989; Dehlinger-Kremer, 
Zeuzem & Schulz, 1991). This evidence is not easily 
compatible with the generally accepted view that the 
InsP 3 receptors are located primarily on the endo- 
plasmic reticulum, since the Ca 2+ uptake system of 
the endoplasmic reticulum is vanadate sensitive and 
pH insensitive. It remains to be seen whether the 
uptake characteristics of InsP3-sensitive stores are 
compatible with an identification with secretory 
granules. In summary, such an identification appears 
presently as an attractive hypothesis, which, how- 
ever, remains to be tested. This hypothesis would 
explain on a very simple basis the appearance of a 
Ca 2+ conductance in the plasma membrane during 
the second phase of sustained stimulation, as ex- 
plained below. 

There Is No Accepted Mechanism for Secondary 
Ca 2+ Entry 

Even though the first phase of the response to secre- 
tion-inducing agents is independent of the external 
Ca 2+ concentration, this is followed by a second 
phase where Ca 2+ entry also participates in the re- 
sponse (reviewed by Putney, 1986). The second 
phase may be detected by measuring CaZ+-depen - 
dent currents, which include a component de- 
pending on external C a  2 + after prolonged acetylcho- 
line applications (Morris et al., 1987), but not during 
the first minute of exposure to the agonist (Marty et 
al., 1986). A similar dependency on external C a  2+ 

develops after several minutes of InsP3 injection 
(Llano, Marty & Tanguy, 1987). These experiments 
demonstrate that neither receptor occupancy nor the 
activation of the intermediate G protein are responsi- 
ble for the triggering of the Ca 2+ conductance. In 

spite of intensive investigations, the nature of the 
pathway controlling this conductance remains to a 
large extent obscure. Particularly, the reason for 
the delayed action of ACh or of InsP3 on the Ca 2 + 
permeability of the plasma membrane is still un- 
known. 

Putney (1986) pointed out that the Ca 2§ conduc- 
tance seemed to be activated in order to maintain a 
high internal Ca; after depletion of internal stores 
during prolonged stimulation and therefore pro- 
posed that the depletion of InsP3-sensitive stores is 
the signal for the opening of this conductance. The 
difficulty with this hypothesis is to delineate a spe- 
cific mechanism which would signal the depletion of 
the Ca z§ store and would transmit the information 
to the plasma membrane. Irvine (1990) suggested 
that the depletion of the Ca 2+ store modifies the 
properties of the InsP3 receptor and that this modifi- 
cation alters the probability of the InsP3 receptor 
to interact with a specific protein on the plasma 
membrane. This protein-protein interaction would 
be analogous to the coupling between the ryanodine 
receptor of the sarcoplasmic reticulum and the volt- 
age sensor of the tubular system. Increasing the cy- 
toplasmic InsP3 concentration and/or decreasing the 
intraluminal Ca 2 + concentration would lead to a dis- 
sociation of the receptors on the reticular and cellu- 
lar membranes and to the activation of Ca 2+ release 
and Ca 2+ influx. These suggestions, interesting as 
they are, have now to be submitted to experimental 
tests. A second hypothesis, which is not exclusive of 
the first, is that the signal for the C a  2+ conductance is 
provided by a concomitant rise of the InsP3 concen- 
tration and of its phosphorylated derivative, InsP4 
(Irvine & Moor, 1986; Irvine, 1990). Experiments in 
sea urchin eggs (Irvine & Moor, 1986) and in mouse 
lacrimal glands (Morris et al. 1987; Changya et al., 
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Fig. 5. A possible mechanism for secondary calcium entry. This mechanism assumes that lnsP3 (squares) binds to a receptor located 
on secretory granules. Ca 2+ ions (dots) are liberated upon binding to the receptor (left panel). Once exocytosis has taken place, the 
same InsP3-sensitive channels may be used to transfer Ca 2+ from the extracellular solution (right panel). 

1989) indicated that Ca 2+ entry could be elicited by 
a combination of  the two inositol nncleotides, while 
each of them taken separately was ineffective. How- 
ever, later work indicated that lnsP4 was not consis- 
tently related to Ca 2+ entry in sea urchin eggs 
(Crossley et al., 1988; Irvine et al., 1988). Our own 
(unpublished) experiments on rat lacrimal glands 
failed to reveal a specific role of  InsP4-InsP3 combi- 
nation in eliciting Ca 2+ entry. In rat pancreatic aci- 
nar cells, Maruyama (1989) found a potentiation by 
InsP4 of the InsP3-induced current, but this potentia- 
tion was only obtained in cells where the sensitivity 
to InsP 3 was reduced as a result of being left for 
several hours at room temperature. Finally, experi- 
ments in rat peritoneal mast cells (Matthews, Neher 
& Penner, 1989) failed to correlate Ca 2+ entry with 
the InsP3-InsP 4 combination. Thus support in favor 
of the InsP4 hypothesis has so far been obtained only 
in a restricted number of preparations and/or under 
rather special experimental conditions, and the 
question of the mechanism of  control of Ca 2+ entry 
should still be considered open. 

A New Model for Secondary Ca Entry Based on 
an Association of lnsP3 Receptors to Secretory 
Granules 

A new and particularly simple model for secondary 
Ca entry is illustrated in Fig. 5. If  InsP3-sensitive 
stores are, in fact, localized on the secretory gran- 
ules, then their activation by internal InsP 3 should 
lead to Ca z+ entry once the granules have fused with 
the plasma membrane. Thus the delay of 
the secondary Ca 2+ entry may be explained by the 

time necessary to undergo exocytosis and may 
not require any other internal messenger than 
InsP 3. Clearly the model of Fig. 5 will need experi- 
mental tests and should presently be considered as 
speculative. 

What is the Permeation Mechanism Associated 
with Secondary Ca Entry? 

The exact nature of the Ca 2+ entry pathway has 
remained somewhat elusive. This conductance is 
clearly different from those of  excitable tissue. In 
nonexcitable cells, Ca 2+ entry is weakly enhanced 
by hyperpolarization (Llano et al., 1987; Matthews 
et al., 1989), whereas the Ca 2+ conductance systems 
of excitable cells are steeply activated by depolariza- 
tion. In mast cells, the whole-cell current underlying 
Ca 2+ entry is only of  1-2 pA or less, and it was not 
possible to associate specific single-channel currents 
with this mean current (Matthews et al., 1989). In a 
T-lymphocyte-derived cell line, Lewis and Cahalan 
(1989) clearly demonstrated the activation of a cell 
current correlated with the secondary Ca z+ entry 
triggered by phytohemagglutinin, a Ca 2+ mobilizing 
agent. This current was roughly linearly related to 
the membrane potential and had an amplitude on the 
order of 10 pA near the cell resting potential. Again, 
no current fluctuations were observed, suggesting 
that the underlying permeation mechanism em- 
ployed either low unit conductance channels or car- 
riers. Evidence was obtained indicating that the con- 
ductance had a reversal potential positive to + 20 
mV when using normal external saline and a Cs-rich 
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internal solution, indicating a large selectivity for 
Ca 2+ over monovalent cations. 

Conclusion 

Recent results call for a reinterpretation of the mech- 
anisms underlying the recruitment of intracellular 
Ca 2+ in exocrine glands. One new hypothesis sug- 
gested by these developments is that InsP3-sensitive 
channels liberate Ca 2+ ions from secretory vesicles, 
as illustrated in Fig. 5. 

I would like to thank Drs. E. Neher and A. Trautmann for useful 
discussions during the preparation of this manuscript. 
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