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Abstract. The intracellular Cazt stores of submandibular acinar cells of adult and new- 
born rats were compared by measuring changes in cytosolic Ca2+ ([Caz+],) with the 
Ca2+-sensitive fluorescent probe, fura-2, in intact cells and %az+ release in permeabil- 
ized cells. In cells of adult rats, acetylcholine (ACh) and thapsigargin (TG) elicited, 
respectively, a 105% and 125% net increase in [Caz+], in CaP+-free medium. In cells of 
newborn animals, the ACh-induced [CaZt], increase (218%) was larger; but the TG- 
induced increase was significantly smaller (77%), suggesting that the TG-sensitive 
Caz+ pump of the store is less developed, abundant, or responsive in these cells. After 
ACh or TG, ionomycin elicited a further Caz+ release. lonomycin by itself completely 
discharged the ACh- and TG-sensitive store in cells of mature glands but not in cells 
of immature glands, suggesting a further difference in the distribution of the agonist 
and ionomycin sensitivities in the two types of cells. After exposure to ACh + iono- 
mycin or TG + ionomycin, collapsing the intracellular pH gradient with monensin 
caused a third and largeCa2+ release (262%and 289%, respectively) in cells of adult rats, 
but a significantly smaller release (96%, P c 0.001, and 57%, P < 0.001, respectively) in 
cells of newborn rats, suggesting that a third, IP,-insensitive acidic store is significantly 
smaller in cells of immature glands. In permeabilized and %a2+-loaded cells, inositol- 
1,4,5-trisphosphate (IP3, 5 pM) induced an identical %a2+ release (34% and 33%, 
respectively) in both types of cells, but TG induced a significant smaller 45Caz+ release 
in cells of immature glands (15%) than in cells of mature glands (33%). Monensin 
discharged 4 0 %  of loaded %az+ in both types of cells, indicating that the radiotracer 
was not loaded into the monensin-sensitive store. These results suggest that in cells 
of immature glands: (1) the TG-sensitive Ca2+ pump of the IP,-sensitive store is not 
well developed; (ii) the IP,-sensitive store is not completely discharged by ionomycin; 
and (iii) an acidic store likely to be associated with secretory granules is also underde- 
veloped and of a smaller size than in cells of mature glands. 
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he inositol-l,4,5-triphosphate (IP3)-Ca2+-associated 
signaling system plays a critical role in the regula- T tion of fluid and electrolyte secretion in salivary 

acinar cells. It is well recognized that fluid and electro- 
lyte secretion in salivary glands is primarily regulated 
by the autonomic nervous system through the activation 
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of muscarinic and a-adrenergic receptors (1-6). Stimu- 
lation of these receptors induces an increase in the cyto- 
solic free Ca2+ concentration ([Caz+],) (7-11), which acts 
as a second messenger in the regulation of anion and 
Kt channels and of the efflux of these ions which pro- 
vides the driving force for secretion (12-14). 

Recent studies (1 5-17) indicate that the signaling 
system of rat submandibular cells undergoes a unique 
maturation pattern during postnatal development (18). 
The generation of IP3 stimulated by acetylcholine (ACh) 
in cells isolated from 1- and 7-day rats is significantly 
larger than that in cells of adult rats (17). Parallel to this 
response, the transient increase in [Caz+], in response to 
muscarinic receptor stimulation is significantly larger in 
cells of immature submandibular glands (16, 17). How- 
ever, the ATP-dependent 45Ca2+ uptake and the IP3- 
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induced 45Ca2+ release from non-mitochondria1 stores 
measured in permeabilized cells are smaller in cells of 
immature glands (17). The reasons for this pattern of 
IP3-Ca2+ signaling in cells of immature submandibular 
glands remain unclear. 

The acetylcholine-induced initial increase in [Ca2+], 
in salivary acinar cells is due to release of Ca2+ from an 
IP3-sensitive Ca2+ store and the subsequent sustained 
elevation is the result of Ca2- influx from the extracellu- 
lar fluid (7, 9. 11, 19). Re-uptake of Ca’- into the IP:- 
sensitive Ca?’ store occurs by way of an endoplasmic 
Ca2--ATPase (20-22) and extrusion of Ca” out of cells 
by the plasma membrane Ca2+-ATPase. Both of these 
processes play critical roles in the regulation of [Ca-.], 
(22-25). There are therefore several possible mecha- 
nisms that could explain the observed difference seen 
in cells of immature rat submandibular glands between 
the large [Ca2+], signal in fura-2 studies and the small 
IP3-induced 4’Ca’ ’ release seen in permeabilized cells. 
First, the Ca’- pump responsible for the re-uptake of 
Ca2+ into the IP,-sensitive Ca?- store may be underde- 
veloped. resulting in more Ca’- remaining in the cytosol 
after release from the store. Second, other intracellular 
Ca2+ stores besides the IPi-sensitive one may also release 
Ca2+ in the cells of immature glands and contribute 
to the higher [Ca’-], seen after stimulation. Third. the 
plasma membrane Ca’--pump may be similarly under- 
developed. resulting in a slower and smaller Ca’- extru- 
sion and thus in a larger increase in [Ca2-Il in response 
to stimulation. Fourth. intracellular Ca’- buffering may 
not be as effective in cells of immature glands. The 
purpose of the present study was to explore the first 
two possibilities by comparing the characteristics of the 
intracellular Ca2+ stores present in submandibular cells 
of newborn and adult rats. 

Materials and Methods 
Animals. Male, 150- to 200-g Sprague-Dawley 

strain rats (Sasco Laboratories, Omaha, NB) and new- 
born (1-day-old) rats were used in all experiments. 
Adult rats were maintained in a room with controlled 
photoperiod (12 : 12-hr light : dark cycle) and tempera- 
ture (23°C) and with standard rat chow and water avail- 
able ad libitum. 

Materials. Collagenase (type CLSPA) was from 
Worthington Biomedical (Malvern, PA). Acetylcholine. 
bovine serum albumin (BSA, type V), EGTA, gramici- 
din D, HEPES, hyaluronidase (type V), IP3, ionomycin. 
monensin, and thapsigargin were from Sigma Chemical 
Co. (St. Louis, MO). Basal Medium Eagle Amino Acids 
(BME) was from GIBCO (Grand Island, NY). ‘TaCl? 
was from NEN (Boston, MA). Fura-2/acetoxymethyl 
ester (fura-2/AM) was from Molecular Probes (Eugene, 
OR). All other chemicals used were of the highest 
grade available. 

Solutions. The digestion solution consisted of (in 
mM): 120 NaCl, 15 HEPES, 10 glucose, 4 KC1, 1.2 

3 U/mg tissue of purified collagenase (type CLSPA; 
Worthington Biomedical), and 10 U/mg tissue of hyal- 
uronidase. pH was adjusted to 7.4 with NaOH after 
gassing with O2 at 37°C for 45 min. The Krebs-HEPES 
incubation solution (KHS) contained (in a): 120 
NaC1, 4 KCl, 15 HEPES, 10 glucose, 1.2 KH2P04, 1.2 
MgSO‘, 1.0 CaC12, 1% BME amino acids, and 0.01% 
(w/v) BSA. pH was adjusted to 7.4 after gassing with 
O2 for 45 min. [Ca2-], was determined using a Ca2+-free 
KHS solution that contained the same components as 
KHS, except that Ca2+ was omitted and 20 pM EGTA 
added. Wa2- uptake and release were measured in 
saponin-permeabilized cells in a cytosolic-like medium 
containing (in mM): 100 KC1, 20 NaC1, 15 glucose, 20 
HEPES (pH 7.2), 5 MgC12, 0.02 EGTA (free Ca2+ 100 
n M ) ,  3 ATP, 10 phosphocreatine, 10 Ulml creatine 
phosphokinase, and 0.2% (wlv) BSA. 

Preparation of Dispersed Submandibular Acini 
from Adult Rats. Submandibular acini from adult rats 
were isolated as previously described (15-17, 26, 27). 
Briefly, two rats were anesthetized with sodium pento- 
barbital (SO mg/kg), and the submandibular glands were 
excised, injected with 0.2 ml/gland of ice-cold digestion 
medium. dissected free of connective tissue, and rapidly 
minced in ice-cold digestion medium. The mince was 
incubated in an oxygenated dispersion medium (26) 
containing 3 U/mg wet tissue wt of purified collagenase 
and 10 U/mg wet tissue wt of hyaluronidase at 37°C in 
a shaking water bath for 60 min. The mince was dis- 
persed by gently pipetting 10 times with a 10-ml plastic 
pipette at 10-min intervals during the last 30 min. After 
digestion for 60 min, the preparation was centrifuged 
at 50g for 2 min, and the supernatant was discarded. The 
preparation was resuspended in 10 ml of oxygenated 
washing medium and passed through a four-layer gauze 
and then washed twice by centrifugation at 50g for 2 
min, and finally resuspended in fresh medium and kept 
at 23°C. 

Isolation of Cell Aggregates from Newborns. 
Acinar cells of immature submandibular glands were 
isolated as previously described (15-17). Briefly, preg- 
nant rats were obtained from Sasco Laboratories ap- 
proximately 1 week before parturition. Newborn (1-day- 
old) rats were anesthetized with sodium pentobarbital 
(50 mg/kg wt). The submandibular glands were removed 
and placed in a digestion solution containing KHS, 1.4 
U/mg tissue of collagenase, and 5 U/mg tissue of hyal- 
uronidase. pH was adjusted to 7.4 after oxygenating 
for 45 min at 37°C. The submandibular tissues from 
newborn rats were then digested and collected as de- 
scribed above for cells from adult rats. 

Digital Imaging of lntracellular Ca2+. Isolated cell 
aggregates were loaded with fura-2 by incubation with 

KHZPO.,, 1.2 MgS04, 1% (w/v) BSA, 1% (v/v) BME, 
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1 pJ4 fura-2/AM for 30 min at 23°C. Fura-2-loaded 
cells were attached to a glass coverslip and viewed using 
a QuantiCell digital imaging system (Applied Imaging, 
United Kingdom) at 23°C. Color-coded pictures were 
obtained using a Nikon Diaphot inverted microscope 
with objective Fluor 40X, NA 1.3 oil (Nikon). 

Determination of [CaZtli with a Dual-Wavelength 
Fluorometer. [Ca2+], determination was conducted as 
previously described (17, 28). Cells were loaded with 
the CaZt-sensitive fluorescent probe fura-2 by incuba- 
tion with 1 pM fura-2/AM for 30 min at 23°C in KHS 
(Ca2+-containing) medium. Fura-2-loaded cells were 
rinsed twice with KHS containing 0.1% bovine serum 
albumin (BSA) and kept at 23°C. For measurement 
of [Ca2-Ii, a 2-ml aliquot of fura-2-loaded cells was 
centrifuged at 50g €or 2 min and resuspended in fresh, 
Ca'--free medium and placed in a 4-ml cuvette. [Ca2'I1 
measurements were performed using a dual-wavelength 
PTI Deltascan 2.060a fluorometer (PTI Inc., S. Bruns- 
wick, NJ) at 37°C. The excitation wavelengths used were 
340 and 380 nm, and emission wavelength was 505 nm. 
Calibration of [Ca2-Ii was performed for each measure- 
ment trace as previously described (17, 28). Briefly, 1 
mM CaC12 and 50 pM ionomycin were added to obtain 
the limiting ratio for the Ca2+ saturated form (Rmax) of 
fura-2. Then, 0.0005% digitonin and 10 mM EGTA were 
added to obtain the limiting ratio for the unbound form 
(Rm,") of fura-2. Fluorescence ratios of the 340/380-nm 
excitation and 505-nm emission were converted to 
[Ca2-Ii according to the method described by Gryn- 
kiewicz et al. (29) using 224 nM as Kd of fura-2 
for Ca2'. 

Measurement of %a2+ Release in Permeabil- 
ized Cells. 45Ca2f release was determined as previously 
described (17). Isolated cell clusters were permeabilized 
by incubation in a cytosolic-like medium containing 45 
pg/ml of saponin at 37°C for 10 min. The cells were 
then pelleted by centrifugation at 50g for 30 sec and 
resuspended in the same medium without saponin. An 
ATP-generation system consisting of 6 mM phosphocre- 
atine and 8 U/ml of creatinine phosphokinase was used 
to maintain ATP concentration in the reaction system 
(30). The reaction mixture also contained the mitochon- 
drial inhibitors oligornycin (10 J.LM) and antimycin (10 
pM) (17). The cells were incubated with 1 p,Ci/ml 
45CaC12 at 37°C for 2 min, then the ATP-dependent 
45Ca2t uptake was initiated by addition of 3 mM ATP. 
The cells were incubated for 30 min until the cellular 
45Ca2+ content reached a steady state. 45Ca2+ release was 
initiated by addition of Ca2'-releasing agents. At 1, 2, 
3, and 5 min after addition of the Ca2+-releasing agents, 
45Ca2- retained in the intracellular stores was determined 
by a rapid filtration technique (17, 31, 32). The filters 
containing cells were washed with 10 rnl of ice-cold 
cytosolic-like medium, and 45Ca2t content measured by 
scintillation counting (LS3801, Beckman Instruments). 
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Figure 1. Ca2+ Release induced by acetylcholine and thapsigargin. 
Fura-2-loaded adult and newborn submandibular cells were sus- 
pended in 2 ml of Can+-free medium and [Can+], measured by using 
a dual-wavelength fluorometer at 37°C. At the time indicated by the 
arrows the cells were stimulated with 1 pM acetylcholine (ACh) fol- 
lowed by 3 F M  thapsigargin (TG) (A) or treated with TG first followed 
by ACh (B). Traces are representative of separate experiments using 
different cell preparations (Panel A: adult, n = 5; newborn, n = 7; 
Panel B: adult, n = 6; newborn, n = 4). 

Statistics and Data Presentation. All results are 
presented as mean 5 SEM of at least four determina- 
tions using different cell preparations. Comparisons 
were made using the unpaired Student's t test. P values 
smaller than 0.05 were considered significant. 

Results 
ACh- and Thapsigargin-induced Ca2+ Release. 

As shown in Figure lA ,  stimulation with ACh (1 JIM) 
induced a 104.7% 2 10.1% increase in [Ca2+Ji in cells of 
adult rats (from 92.8 +- 2.3 nM to 189.8 t 10.1 nM, n = 
5). In cells of newborn rats, the same treatment induced 
a 217.5% -+ 39.7% increase in [Ca2+], (from 72.0 +- 3.9 
nit4 to 234.6 ? 40.0 nM; n = 7). This increase was 
significantly larger than that seen in cells of adult rats 
( P  < 0.05). These results are consistent with previous 
reports (16, 17). On the other hand, the endoplasmic 
CaZ--ATPase inhibitor TG (3 FM) induced a 124.5% +- 
15.8% increase in [Ca2+], in cells of adult rats (from 
92.2 +- 5.4 nM to 210.2 +- 7.9 nM; n = 6; Fig. lB), but 
a significantly smaller increase in cells of newborn rats 
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(76.8% ? 16.5%; from 83.0 +- 8.9 nM to 144.3 ? 13.1 
nM; n = 4; P < 0.05; Fig. 1B). 

In cells of adult animals, the IP3-sensitive Ca2+ store 
can be essentially discharged by either the stimulation 
of muscarinic receptors or inhibition of the endoplasmic 
Ca2+ pump with TG (11, 21, 28). In cells of immature 
glands, stimulation of muscarinic receptors induced a 
larger increase in [CaZtli, but inhibition of the endoplas- 
mic CaZt pump caused a significantly smaller Ca2- re- 
lease. A possible explanation is that the distribution of 
IP1 and TG sensitivity overlaps in cells of mature glands 
but not in cells of immature glands. To examine this 
possibility, cells from adult and newborn animals were 
exposed sequentially to TG and ACh. Treatment with 
TG (3 K M )  after ACh (1 p M )  caused a 19.4% ? 4.3% 
further increase in [Ca2-], in adult cells (n = 5) and a 
41.5% 5 6.8% further increase in cells of newborn rats 
(n = 7; P < 0.05; Fig. 1A). In the opposite sequence of 
stimulation, a subsequent exposure to ACh after TG 
induced a 10.9% ? 2.4% further increase in [Ca2+]1 in 
cells of adult rats (n = 6) and a 57.8% 2 12.7% further 
increase in cells of newborn rats (n = 4; P < 0.005: 
Fig. 1B). 

lonomycin-Induced Ca2+ Release. In a previous 
study (28), we found that exposure of adult rat subman- 
dibular cells to ionomycin induced a relatively large 
Ca" release and that the subsequent stimulation with 
ACh or TG did not induce any further release. In the 
present study, exposure to ionomycin (I K M )  induced 
a 170.5% ? 13.5% increase in [Ca'-], (from 109.8 ? 7.5 
nM to 298.8 2 29.4 nM, n = 6; Fig. 2) in cells isolated 
from adult rats. This treatment completely emptied the 
agonist-sensitive Ca2+ store, since a subsequent expo- 
sure to ACh or to TG did not induce any further increase 
in [Ca2+], (Fig. 2). In cells of newborn animals, by con- 
trast, 1 pM ionomycin caused a 120.4% ? 8.2% increase 
in [Caz+], (from 76.1 ? 2.4 nM to 167.4 t 6.4 nM; n = 
7; Fig. 2), a response which was significantly smaller 
than that seen in cells of adult rats (P < 0.01); and a 
subsequent stimulation with ACh or TG induced a 
77.8% 2 7.8% (n = 7) and 130.9% t 10.6% (n  = 7) 
further increase in [Ca"],, respectively (Fig. 2). These 
results suggest that, in contrast to what is seen in cells 
of adult rats, a portion of the IP3-sensitive and TG- 
sensitive Ca2+ stores in cells of immature glands is insen- 
sitive to ionomycin. 

In the previous study (28), we found that after the 
IP3-sensitive store is emptied, the subsequent exposure 
to ionomycin elicited a further Ca2- release from an 
IP3-insensitive but ionomycin-sensitive store. To further 
explore the relationship between the IP3-sensitive store 
and the IP3-insensitive but ionomycin-sensitive store, 
cells were treated with ACh or TG first, followed by 
ionomycin. After stimulation with ACh (1 p M ) ,  iono- 
mycin (1 p M )  caused a 40.9% 2 6.0% (n = 13) and 
54.4% ? 9.4% (n = 8) further increase in [Cazt], in cells 
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Figure 2. Effect of ionomycin on the acetylcholine- and thapsigargin- 
induced Ca2+ release. Fura-2-loaded submandibular cells of adult 
and newborn rats were treated with 1 pM ionomycin (lono) followed 
by 1 JLM acetylcholine (ACh) (A) or 3 )LM thapsigargin (TG) (6). 
Traces are representative of separate experiments using different 
cell preparations (Panel A: adult, n = 6; newborn, n = 7; Panel B: 
adult, n = 6; newborn, n = 7). 

of adult and newborn rats, respectively (Fig. 3A), while 
treatment with 1 pA4 ionomycin after TG caused a 
51.5% t 7.2% (n = 7) and 49.4% 2 14.2% (n = 9) further 
increase in [CaZ+li in the two types of cells (Fig. 3B). In 
general, therefore, the ionomycin-induced increases in 
[CaZtli after TG or ACh were not significantly different 
between cells of mature and immature glands. 

Ca2+ Release from an Acidic Caz+ Store. Many 
cell types have slowly exchanging Ca2+ stores usually 
associated with acidic organelles (33,34). Under physio- 
logical conditions, 45Ca2+ uptake into these stores is slow, 
requiring hours or days to reach isotopic equilibrium 
(34), and Ca2+ ionophores, such as ionomycin or 
A23187, are not effective in such acidic environments 
(33, 35), so that they discharge only a small fraction of 
Ca't from such stores. In order to fully empty these 
stores, a combination of a Ca2+ ionophore and a reagent 
that collapses the pH gradient across the organelle mem- 
brane is required (35). In the previous study (28), we 
found evidence that a large acidic pool of this type is 
present in submandibular acinar cells of adult rats. To 
examine whether a similar pool is also present and func- 
tional in cells of immature glands, we measured Ca2+ 
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Figure 3. [Ca2+Ii changes induced by sequential treatment with ace- 
tylcholine or thapsigargin, ionomycin, and monensin. Fura-2-loaded 
adult and newborn cells were sequentially treated with 1 pM acetyl- 
choline (ACh), 1 pM ionomycin (lono), and 10 pM rnonensin (Mon) 
(A) or with 3 FM thapsigargin (TG), 1 pM ionomycin, and 10 pM 
monensin (6). Traces are representative of separate experiments 
using different cell preparations (Panel A: adult, n = 7; newborn, n = 
8; Panel 6: adult, n = 7; newborn, n = 8). 

release induced by a combination of ionomycin and the 
Nat/Ht ionophore monensin. Exposure of the cells of 
adult rats to monensin (10 p M ) ,  after emptying the IPS- 
and ionomycin-sensitive stores with ACh and iono- 
mycin, induced a large third increase in [Ca2+Ii 
(262.4% & 36.2%; n = 7; Fig. 3A). In cells of newborn 
rats, however, monensin exposure after ACh + iono- 
mycin only induced a 96.1% 2 15.0% increase in [Ca2'Ii 
(n = 8; P < 0.001 compared with adult; Fig. 3A). In 
the same fashion, exposure to monensin after TG + 
ionomycin induced a 288.7% ? 38.8% further increase 
in [Ca2+Ii in cells of adult rats (n = 7; Fig. 3B) and a 
57.3% 3- 8.4% further increase in cells of newborn rats 
(n = 8; P C 0.001; Fig. 3B), suggesting that the acidic 
pool in cells of immature glands is not as large or well 
developed as that of cells of mature glands. 

To confirm the observation shown in Figure 3, 
changes in [Ca2'Ii were monitored using the digital im- 
aging system (Fig. 4). Stimulation with ACh triggered 
a 122% net increase in [CaZt]i in cells of adult rats (from 
73.6 + 6 nM to 164.1 2 7.9 nM, n = 5; Fig. 4B) and a 
164% increase in cells of newborn rats (from 85.5 2 3.5 

nM to 225.5 -+ 15.2 nM, n = 8; P < 0.05; Fig. 4F). 
Subsequent exposure to ionomycin (1 p M )  caused a 
92% further increase in [Ca2'Ii in cells of adult glands 
(Fig. 4C), but no increase was observed in cells of new- 
born glands (P < 0.01; Fig. 4G). After ionomycin, a 
subsequent exposure to monensin (10 p M )  after the 
other two drugs resulted in an additional 14% increase 
in [Ca2+], of cells of newborn rats (Fig. 4H), while a 
large increase (247%) was triggered in cells of adult 
glands (P < 0.001; Fig. 4D). In a similar fashion, expo- 
sure to TG (3 p M )  elicited a 148% increase in [CaZ'li 
in cells of adult (from 100.5 -t 8 nM to 248.9 -C 10.2 
nM; n = 5 )  and 99% increase in cells of newborn rats 
(from 95.9 2 6.1 nM to 190.6 2 17.3 nM; n = 4; P < 
0.05). Subsequent exposure to ionomycin induced a 
143% increase in cells of adult rats, and only 16% in- 
crease in cells of newborn rats (P < 0.01). A subsequent 
exposure to monensin caused a 232% increase in cells 
of adult rats, but only a 20% increase in cells of newborn 
rats (P < 0.005). 

In cells isolated from mature glands, the Ca2' re- 
lease induced by ionomycin + monensin is from a large 
acidic storage site which is a slowly exchanging store 
and is thought to be associated with secretory granules 
(28). It is likely, therefore, that the much smaller release 
of Ca2+ observed under these conditions in the cells of 
newborn rats is related to the lack of mature secretory 
granules (36). To confirm this hypothesis, the release 
of 4sCa2+ was compared in permeabilized cells. In cells 
of adult rats, IP3 (5 JLM, Fig. 5A) and TG (3 pM, Fig. 
5B) induced a 34.1% 2 3.6% (n = 7) and 33.7% 2 0.9% 
(n = 3) release, respectively, of the 4sCa2t content in 5 
min. In cells of newborn rats, IP3 elicited a 33.0% -+ 
7.0% (n = 3) 4sCa2' release (Fig. 5A), but TG caused 
only a 15.0% 2 3.0% (n  = 3; P < 0.005 compared with 
adult) 45Ca2t release (Fig. 5B). After IP3 or TG, iono- 
mycin (1 p M )  induced a 49.8% f- 8.2% (n  = 4; Fig. 5A) 
and a 46.3% t 7.1% (n = 4; Fig. 5B) further 45Ca2c 
release in cells of adult rats, respectively. In cells of 
newborn rats, the ionomycin-induced 4sCa2+ release was 
52.0% 2 8.0% (n = 3; Fig. 5A) and 60.3% 2 4.1% (n = 
3; Fig. 5B) after ACh and TG, respectively. Obviously, 
the larger 45Ca2+ release induced by ionomycin in TG- 
pretreated cells of newborn animals is because TG dis- 
charged less 4sCa2t and the residual 4sCa2+ was released 
by ionomycin. After IP3 + ionomycin or TG + iono- 
mycin, monensin induced a small 4sCa2+ release ( 4 0 % )  
in the two types of cells (Fig. 5). These results show 
that during a 30-min loading, only a small amount of 
isotope was taken up into the acidic pool. This is consis- 
tent with the characteristics of slowly exchanging Ca2+ 
stores (SECS). 

Discussion 
Previous studies demonstrated that, compared with 

cells from adult animals, cells isolated from the subman- 
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Figure 4. Digital imaging of cytosolic free CaZ- changes. Fura-2-loaded cells were perfused with a Ca2--free medium at 23°C (A and E), 
then sequentially treated with acetylcholine (B and F), ionomycin (C and G), and monensin (D and H). Panels A-D are for submandibular 
cells of adult rats, and Panels E-H for cells of newborn rats. The color reference under the imaging pictures shows the relationship between 
fluorescence intensity (or [Ca2’],) and color. Elevation in fluorescence intensity (or [Ca2-],) is presented as a change in color from blue to 
magenta. Pictures are representative of separate experiments (adult. n = 6; newborn, n = 8). 

dibular salivary gland of newborn and early postnatal 
rats show a large ACh-induced increase in [ Ca”], when 
the response was monitored with fura-2 but a smaller 
ATP-dependent uptake and a smaller IP3-induced re- 
lease of Ca’- when the response was investigated using 
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Figure 5. Ca2+ release from permeabilized cells. Submandibular 
cells of adult and newborn rats were permeabilized with saponin and 
loaded with 45Ca2a for 30 min at 37°C in a cytosolic-like medium 
containing mitochondria1 inhibitors and an ATP regeneration system. 
%a2+ release was initiated by sequentially adding 5 FM inositol- 
1,4,5-trisphosphate (IP,) or 3 PM thapsigargin (TG), followed by 
1 PMionomycin (lono) and 10 pUmonensin (Mon). Values presented 
are the 45Ca2A released at 5 min after addition of each agent. Data 
are presented as mean * SEM of at least three separate experiments. 
**Compared with adult, P < 0.005. 

thc radiotracer ‘‘Ca?- in permeabilized cells (16-18). 
We speculated that differences in the distribution or 
functional characteristics of the intracellular Ca2+ stores 
may be among the reasons for the discrepancy in these 
responses and for the differences between cells of ma- 
ture and immature glands. The results of this study in- 
deed show important differences in both the IPy-sensi- 
tive store discharged by stimulation with agonist- and 
an  1P;-insensitive acidic store, previously shown to be 
present in mature submandibular acini (28). 

Cells of both immature and mature submandibular 
glands have an agonist- and 1P3-sensitive Ca2+ store of 
approximately the same capacity, as shown by the simi- 
lar extent of ‘Ta’+ release induced by IP3 in both types 
of cells (Fig. 5) .  This store is also sensitive to the specific 
inhibitor of the endoplasmic Ca2+ pump, TG (9,21,37, 
38), and the Ca2- released by ACh and by TG presum- 
ably originates in the same IP3-sensitive store in salivary 
acinar cells (28,39). An important difference. however, 
in the cells of immature glands is that the TG-induced 
Ca’- release was significantly smaller than that in cells 
of mature glands. This suggests that the ATP-dependent 
and TG-sensitive CaZT uptake into the store is not as 
well developed in the cells of early postnatal animals. 
Since TG acts by inhibiting the CaZf-ATPase in the 
\tore-limiting membrane, the simplest explanation of 
this finding is that the Ca2+-ATPase is either not present 
in  the same density or is less responsive in the store of 
the cells of immature glands. This is supported by the 

276 DEVELOPMENT OF CA*+ STORES 



observation that exposure of these cells to ACh follow- 
ing a prior TG exposure caused a considerable addi- 
tional Ca2+ release (Fig. l), and by a previous observa- 
tion that ATP-dependent 45Ca2+ uptake was smaller in 
permeabilized cells of immature glands (17). Underde- 
velopment or immaturity of the Ca"-ATPase in cells 
of immature glands would result in less re-uptake of 
Ca2- after IP,-induced release and could explain, at least 
partially, the larger increase in [CaZtll previously ob- 
served in these cells following ACh stimulation in exper- 
iments using fura-2 (17). An alternative explanation is 
that transport mechanisms other than a Ca" pump may 
play a role in Ca2' sequestration into the store of cells 
derived from immature glands. 

Recent evidence indicates that the agonist- and 
thapsigargin-sensitive Ca2+ release do not completely 
overlap in submandibular cells of adult rats, as the thap- 
sigargin-induced Ca2- release is larger than that induced 
by agonist and a further release of CaZt is seen, further- 
more, in cells exposed to thapsigargin following expo- 
sure to agonist (28). The same is seen in other cell types 
such as Jurkat T lymphocytes (40) and PANC-1 cells 
(41), where the thapsigargin-induced Ca2 ' release is 
larger than that induced by IP3. Our results in this study 
show that this is also true in the cells of immature glands 
used in this study (Fig. 1). A second difference in the 
IP,-sensitive CaZt store of the cells of immature glands 
is that the IP3 and TG sensitivities do not overlap as 
completely as they do in cells of mature glands. In cells 
of mature submandibular glands, inhibition of the Ca2- 
pump with TG discharged the IP3-sensitive store, and 
a subsequent exposure to ACh could not elicit any sub- 
stantial Ca2- release. However, in cells of immature 
glands, after TG treatment, a subsequent ACh stimula- 
tion still caused a significant Ca2+ release. It is possible 
that the IP3 sensitivity (i.e., the IP3-sensitive Ca2+ chan- 
nels) and the TG sensitivity (i.e., the Ca2+ pumps) have 
a separate distribution in the cells of the immature 
glands and that these distributions merge during devel- 
opment. Further investigation on this possibility is 
required. 

The third difference in the IPrsensitive CaZ+ store 
of cells of immature glands is the incomplete release of 
Ca2+ caused from it by ionomycin. This ionophore can 
completely discharge the ACh- and TG-sensitive Ca2+ 
pools in acinar cells of adult rats (28). In cells of imma- 
ture glands, by contrast, there was a further significant 
Ca2+ release when cells previously exposed to ionomycin 
were exposed to ACh or TG. Since the release of Ca2- 
induced by ionomycin alone was smaller in cells of im- 
mature glands (Fig. 2), it appears that the IP3-sensitive 
store of these cells is less sensitive to ionomycin. The 
reason for this lower sensitivity is not clear but could 
be explained if the store in the cells of newborn rats is 
more acidic than the store in mature cells, since iono- 

mycin is not capable of discharging Ca2+ from this type 
of store (34). 

The effect of ionomycin on Ca2+ release seen in the 
sequential drug exposure with the digital imaging system 
(Fig. 4) was significantly larger than that seen in the 
fura-2 fluorescence experiment (Fig. 3). In addition, the 
response of cells of adult rats in the imaging experiments 
was larger than in cells of newborn rats (Fig. 4), while 
this was not the case in the fura-2 studies (Fig. 3). The 
reason for this difference is not clear but may be related 
to the number of cells involved in each procedure or to 
differences in experimental conditions in the two type 
of experiments. Only a few cells or an acinus are used 
in the imaging studies, while a large number of cells are 
used in the fura-2 studies. Imaging experiments were 
performed at 23"C, while the fura-2 experiments were 
conducted at 37°C. The matter is under further investi- 
gation, but it is important to note that the responses 
to other substances (ACh, TG, monensin) were quite 
comparable in the two experimental approaches. 

We recently demonstrated that cells of mature sub- 
mandibular gland have a large IP,-insensitive and proba- 
bly acidic Ca2+ store which releases Ca2+ when exposed 
to ionomycin and to a substance like monensin which 
collapses the pH gradient (28). This store is associated 
with secretory granules and probably represents a slowly 
exchanging Ca2+ store. Ca2t uptake into the store is slow 
and does not seem to involve the Ca2+ pump, which 
is the major Ca2t-sequestering mechanism in the IP3- 
sensitive Ca2+ store. Our results show that the capacity 
of this store is considerably smaller in cells of immature 
glands (Figs. 3 and 4). Two important characteristics in 
secretory granules and secretory proteins may underlie 
this difference in the IP3-insensitive Ca" store of the 
two cell populations. One is that the submandibular 
cells of newborn rats have few secretory granules (42- 
44). The submandibular gland of newborn rats has two 
transient secretory cell types, type I and type I11 (45), 
which are capable of secreting the granular content in 
response to, respectively, cholinergic and P-adrenergic 
stimulation (45,46). However, the small number of gran- 
ules in these cells can limit their capacity for Ca2+ storage 
in this compartment. Even if the few secretory granules 
present in type I and type I11 cells were enough to 
sequester CaZt, the granular material of the adult sub- 
mandibular gland, mucin (47) and glutamic acid-rich 
protein (GRP) (48), would be present in very small 
amount in type I and type I11 cells (49). The contents 
of the granules in these cells may not have the same 
affinity for Ca2' as adult material, and this would limit 
the capacity for CaZt storage. The view that it is the 
relative lack of secretory granules which explains the 
small capacity of the ionomycin + monensin-sensitive 
pool in the cells of newborn animals is supported by 
the observation that in cells of adult rats degradation 
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by isoproterenol abolishes the Ca2+ response to these 
drugs (28). 

In summary, the present study shows differences in 
the functional characteristics of intracellular CaZf stores 
in cells of mature and immature submandibular cells. 
Cells of immature glands release less Ca2+ from an IP3- 
insensitive and acidic store in secretory granules and 
show less sensitivity to ionomycin and less Ca'- re- 
uptake in the IP3-sensitive Ca2- pool. The larger Ca?- 
signal induced by ACh in cells of immature glands in 
Figure 3 is therefore not due to enhanced release from 
the IP,-sensitive store or from other stores, but is re- 
lated, at least in part, to a reduced Ca?- re-uptake into 
the IP,-sensitive store as a result of smaller density or 
functional integrity of Ca'' pumps. An additional con- 
tributing factor may be less Ca2+ extrusion by the plasma 
membrane Ca2+-ATPase if this transport system is also 
underdeveloped in cells of immature glands. This is cur- 
rently under investigation. 

We thank Professor Ole H. Petersen. University of Liverpool, 
for graciously providing the opportunity to perform the digital imaging 
experiments and for critical comments of this study. 
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