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Abstract. The effects of osmotically-induced cell
swelling on cytoplasmic free Ca’’ concentration
([Ca®*];) were studied in acinar cells from rat sub-
mandibular gland using microspectrofluorimetry.
Video-imaging techniques were also used to measure
cell volume. Hypotonic stress (78% control tonicity)
caused rapid cell swelling reaching a maximum rela-
tive volume of 1.78 + 0.05 (n = 5) compared to
control. This swelling was followed by regulatory
volume decrease, since relative cell volume decreased
significantly to 1.61 £+ 0.08 (n = 5) after 10 min
exposure to hypotonic medium. Osmotically induced
cell swelling evoked by medium of either 78% or 66%
tonicity caused a biphasic increase of [Ca’>"],. The
rapid phase of this increase in [Ca®"]; was due to
release of Ca?™ from intracellular stores, since it was
also observed in cells bathed in Ca®"-free solution.
The peak increase of [Ca®"]; induced by cell swelling
was 3.40 + 0.49 (Fura-2 Fz40/F3g fluorescence ratio,
n = 11)and 3.17 £ 0.43 (n = 17) in the presence and
the absence of extracellular Ca®”, respectively, cor-
responding to an absolute [Ca’>"]; of around 1 pm.
We found that around two-thirds of cells tested still
showed some swelling-induced Ca”" release (SICR)
even after maximal concentrations (107> M—10"* wm)
of carbachol had been applied to empty agonist-
sensitive intracellular Ca®" stores. This result was
confirmed and extended using thapsigargin to deplete
intracellular Ca®* pools. Hypotonic shock still raised
[Ca’"]; in cells pretreated with thapsigargin, con-
firming that at least some SICR occurred from ag-
onist-insensitive stores. Furthermore, SICR was
largely inhibited by pretreatment of cells with car-
bonyl cyanide m-cholorophenyl hydrazone (CCCP)
or ruthenium red, inhibitors of mitochondrial Ca®*
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uptake. Our results suggest that the increase in
[Ca®"];, which underlies regulatory volume decrease
in submandibular acinar cells, results from release of
Ca’" from both agonist-sensitive and mitochondrial
Ca’" stores.
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Introduction

Free cytoplasmic Ca®>" concentration ([Ca®*];) is a
key signal controlling the process of fluid and elec-
trolyte secretion in exocrine cells. One of the
parameters regulated by [Ca®"]; in exocrine cells is
cell volume. Coupling of cell volume and [Ca®"];
during secretion was reported in single acinar cells
from rat parotid gland (Foskett & Melvin, 1989).
Fluid secretion from acinar cells is associated with
an initial rapid increase in [Ca®"], (Foskett &
Melvin, 1989), accompanied by a rapid, substantial
cell shrinkage driven by loss of K™ and Cl~ through
ion channels (Nakahari et al., 1990; Seo et al.,
1995).

The initiation of an agonist-dependent [Ca®™];
response in acinar cells involves release of Ca®" from
intracellular stores. The major intracellular messen-
ger mediating intracellular Ca®>" release in acinar
cells is thought to be inositol-1,4,5-trisphosphate
(InsP3), although an increasing body of evidence
suggests that acinar cell Ca®>" stores may also be
under the control of other Ca*"-mobilizing messen-
gers, including cyclic ADP ribose (cADPR) and
NAADP™" (da Silva & Guse, 2000). There is also
evidence that mitochondria may play a role in [Ca® " ;
regulation in acinar cells, perhaps by uptake of Ca*"
following high-intensity or prolonged agonist
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stimulation (Bird, Obie & Putney, Jr., 1992; Gonz-
alez, Schulz & Schmid, 2000).

In addition to the increase in [Ca’"]; which
results from stimulation with agonists, [Ca®"]; also
can be increased in many epithelia by mechanical
stimulation or by osmotically-induced cell swelling. A
variety of epithelial cell types including toad bladder
cells (Wong, Debell & Chase, Jr., 1990), rabbit
proximal tubule cells (McCarty and O’Neil, 1991;
Breton et al., 1992), cultured intestinal 407 cells
(Hazama & Okada, 1990), rabbit gastric parietal cells
(Negulescu, Munck & Machen, 1992), and rat par-
otid gland acinar cells (Foskett et al., 1994) show a
rise in intracellular free Ca>" on hyposmotic cell
swelling. This increase in [Ca® " ]; may be important in
producing regulatory volume decrease (RVD),
although extracellular Ca®* was reported not to be
an absolute requirement for RVD in collapsed rabbit
proximal tubule (McCarty & O’Neil, 1991; Breton
et al., 1992). In rat lacrimal acinar cells, which are
physiologically similar to submandibular acinar cells,
Ca’" jons seem to play a critical in RVD by acti-
vating separate Ca>" -dependent K™ and CI~ chan-
nels, although the extent and source of any increase
in [Ca?"] remains unclear (Kotera & Brown, 1993;
Park et al., 1994; Elliott, 1994; Speake, Douglas &
Brown, 1998).

Previous work on single parotid acinar cells
suggested that osmotically induced cell swelling
raised [Ca” " ]; by releasing Ca®" from InsPs-sensitive
Ca’”" stores (Foskett et al., 1994). However, this is
in contrast to the work on lacrimal acinar cells dis-
cussed above. The purpose of the present experi-
ments was to investigate whether [Ca®"]; could be
increased by osmotically induced cell swelling in rat
submandibular acinar cells and, if so, what type of
intracellular Ca®>" stores are involved. Our data
suggest that agonist-insensitive, probably mitoc-
hondrial, Ca®* stores coexist with agonist-sensitive
Ca’" stores in this cell type, and that both types
of Ca?" store may be involved in swelling-induced
Ca’" release.

Materials and Methods
CELL PREPARATION

Single rat submandibular acinar cells were prepared by a modifi-
cation of the method of Martinez and Cassity (1985). Briefly, a
male Sprague-Dawley rat (weight typically around 200g) was sac-
rificed by cervical dislocation and both submandibular glands were
isolated and dissected free from the surrounding connective tissue.
Sublingual glands were removed and discarded, and the glands
were then minced in Ca?"-free HEPES solution (see below for
composition). The minced tissue was treated with 100 Units/ml
collagenase (Worthington, Type IV, Lakewood, UK) in BSA-
containing HEPES solution (see below for composition) at 37°C
with continuous top-gassing with 100% O, for 1 hr. During incu-
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bation, the tissue was mechanically dissociated by repeated pip-
etting at 20-min intervals. This method produced a mixture of small
cell clusters (consisting of 3-8 cells) and single cells.

MEASUREMENT OF CELL VOLUME

For volume measurements one or two drops of the freshly isolated
cell suspension were added to a coverslip precoated with Cell-Tak
(Collaborative Biomedical Products, MA), which formed the base
of an experimental chamber (volume 400 pl) on the stage of an
Olympus IMT-2 inverted microscope. After the cells had adhered to
the coverslip, the chamber was perfused at a rate of 2 ml/min with
medium at 37°C. The cells were observed via a CCD camera (Watec,
Japan), and video images of cells were saved on a video cassette
recorder (Panasonic, Japan). In order to analyze cell volume, the
area of the cell was estimated by using Scion Image software (Scion
Corp., MD), which determined the number of pixels bounded by the
perimeter of the cell. Cell volume was then calculated assuming that
the cell was spherical. In all experiments the volume was normalized
to the initial volume observed during control superfusion with
isotonic solution. Cell volume was measured at 20-sec intervals and
the mean value of the measured volumes at 0, 20 and 40 sec was
defined as the initial volume (V).

FLOURESCENT-DYE LOADING AND
[Ca®"]; MEASUREMENT

After collagenase treatment for 1 hr, cells were washed twice with
BSA-HEPES solution and then loaded with 2 pm Fura-2 acet-
oxymethyl ester(fura-2) in 2 ml of the same solution for 30 min at
room temperature (25°C). After loading, the cells were centrifuged,
washed, resuspended in the normal bath solution, and kept on ice
until use. The isotonic bath solution used for fura-2 experiments
contained (mm): 90 NaCl, 5 KCI, 1 MgCl,, 1 CaCl,, 5 HEPES, 100
mannitol, pH 7.4 (pH adjusted with NaOH) giving a measured
osmolarity of 291 + 4 mosmol/kg H,O (n = 5). The hypotonic
solution (66% of control tonicity), with a measured osmolarity of
194 + 5 mosmol/kg H,O (n = 4) was similar to the control solution
except that mannitol was omitted. In some experiments a similar
solution but containing 105 mm NaCl and 70 mm mannitol was used
(78% hypotonic solution). The osmolality of all the solutions was
measured by freezing-point depression using an osmometer (Preci-
sion System, Model 4002). In solutions containing 20 mm caffeine,
10 mm NaCl was replaced by 20 mm caffeine. In Ca? " -free solu-
tions, CaCl, was omitted and 0.5 mm EGTA was added.

For microspectrofluorimetric measurements of [Ca® " J;, the cells
were allowed to settle at the bottom of a recording chamber (vol-
ume 400 pl) and viewed with a Zeiss inverted microscope (Axiovert
10, Zeiss, Germany) using a X 40 oil immersion objective lens. After
the cells had adhered to the coverslip forming the base of the
chamber, they were superfused with isotonic bath solution. For
excitation of fura-2, a collimated beam of light from a 200W Hg arc
lamp was fed to a dual spectrophotometer system (PTI, Law-
renceville, NJ), which alternated wavelengths between 340 to 380
nm by means of a spinning chopper (60 Hz). Emitted fluorescence
was measured at 510 nm with a photomultiplier tube. For the re-
cording and analysis, Felix software (Version 1.1) from PTI was
used.

CALIBRATION AND PosSIBLE EFFECTS OF IoNIC
STRENGTH ON FURA-2 SIGNALS

In all the figures illustrating changes in [Ca®*]; the uncalibrated

340:380 nm ratio signal is shown as an index of [Ca®"];. However,
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Fig. 1. Effect of osmotically-induced swelling on [Ca®"]; and cell
volume in rat submandibular acinar cells. The left axis in each
panel shows the 340:380 nm fura-2 fluorescence ratio as an index of
[Ca®"];. (4) Superimposed records of [Ca®*]; (representative trace
from a single experiment typical of five cells) and cell volume
during exposure to medium of 78% control hypotonicity. Data on
relative cell volume are presented as mean + sEM (n = 5, right
axis). (B) Similar [Ca®"]; response but induced by 66% hypoto-
nicity stress. (C) Hypotonic stress (indicated by dark bars) also
increased [Ca®*]; in Ca® " -free medium.

we did perform a two-point calibration of the fura-2 signal (Gry-
nkiewicz, Poenie & Tsien, 1985) in a limited numer of cells at
random throughout the experiment. We measured the value of Ry,
and Spsgo in the Ca’"-free media containing 2 mm EGTA. This
was followed by the media containing 2 mm Ca®" with 2 pm ion-
omycin for more than 15 min; then the value of R, and Sgsgo
were measured. [Ca®"]; can be estimated from subsequent ratio
values using the following equation:

[Ca"] = Kp(R — Ruin/Rmax — R)(Skaso/ Se3s0)

where Kp = 150 nMm at room temperature, R is any given 340/380
ratio value and Sg3g0/SB3go 1s the ratio of fluorescence measured at

167

380 nm for Ca®"-free and Ca®*-bound fura-2. The values were
Ruin, 0.68 = 0.05; Ryax, 420 £ 0.15; Sgzgo, 3.67 £ 0.79; Sgago,
1.20 £ 0.30 (» = 6). The mean resting ratio of 0.96 + 0.05
(n = 31) obtained in isotonic Ca®"*-containing medium corre-
sponds to a [Ca®*; of 39.6 nm.

The data are presented mainly as the measured 340 nm/
380 nm ratio, rather than as the calculated absolute [Ca®"];
value, because of the uncertainties which arise with the fura-2
calibration when the cells swell following exposure to hypotonic
media, with resulting changes in ionic strength and probably
cytosolic viscosity (Negulescu & Machen, 1990). In our experi-
ments, the maximal relative increase in cell volume during ex-
posure to hypotonic solution was 1.78 (see Fig. 14). Assuming
ionic strength is inversely proportional to the cell volume, this
roughly corresponds to reduction of intracellular (cytosolic) ionic
strength to a value of 82 mm. The Kp value of fura-2 can be
estimated to be approximately 100 nwm at this ionic strength from
the data given by Williams and Fay (1990). This means that the
peak fura-2 ratio during hypotonic swelling may be overestimated
by up to 50% compared to the change in ratio induced by agonist
stimulation. The decreased ionic strength caused by cell swelling,
however, does not materially alter any of the conclusions
reached.

SOLUTIONS AND REAGENTS

The Ca’"-free HEPES solution used for cell isolation contained
(mm): 130 NaCl, 4.5 KCl, 1 NaH,PO,4, 1 MgSO, - 7TH,0, 10 HE-
PES, 10 HEPES-Na, 10 p-glucose; pH 7.4 (adjusted with NaOH)
giving an osmolarity of 290 mosmol/kg H,O. The BSA-HEPES
solution was made by adding 1% BSA, 2 mm glutamine and
IxMinimal Eagle’s Medium amino acids to Ca’"-free HEPES
solution.

Fura-2 was obtained from Molecular Probes (Eugene, OR),
trypsin, trypsin inhibitor, thapsigargin, ryanodine, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and ruthenium red
from Sigma (Poole, UK), collagenase from Worthington (Lake-
wood, UK) and carbachol and caffeine from RBI (Poole, UK).
All data are presented as means =+ sSeEMm. Statistical analysis was
carried out using either paired or unpaired Student’s r-test, as
appropriate.

Results

2+]_

HypoTtonic SWELLING-EvOkED [Ca” " |;

INCREASE AND RVD

Rat submandibular acinar cells consistently re-
sponded to osmotically induced swelling with a large
increase in [Ca’" .. Fig. 14 shows a typical biphasic
[Ca®"]; response induced by exposure to a 78%
hypotonic bath solution containing 1 mm Ca®*. The
peak [Ca®"]; increase was observed approximately 3
min (mean time to peak ratio 176 + 23 sec, n = 5)
after the onset of hypotonic stress. This peak increase
was followed by a decline in [Ca®™); to a level that
remained elevated above the control value. In many
experiments [Ca” " ]; remained elevated even after re-
turn to normal tonicity, possibly implying a long-
lasting activation of Ca’" entry pathways.

We also measured changes in cell volume during
exposure to identical hypotonic media in parallel
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Table 1. Mean data on the effect of osmotically-induced changes in cell volume on [Ca®*];

Ca’”" in medium
[Ca® " 1i(F340/F3s0, nM)

Ca?" -free bath
[Ca® " 1i(F340/ F3s0, nM)

Resting state
Hypotonic (66%)
Carbachol (107> m)

0.96 = 0.05 (31), 39.6 nm
3.40 £ 0.49 (11), 1039 nm
1.99 £ 0.18 (6), 185 nm

0.92 + 0.04 (42), 33.5 nm
3.17 £ 0.43 (17), 739 nm

Values given are for the mean 340:380 ratio = SEM, with the number of individual cells studied for each condition in brackets. Absolute
values of [Ca®"]; derived from the mean ratio value for each condition (as described in Methods) are also shown. Note that the peak [Ca®"];
induced by hypotonic cell swelling is likely to be overestimated up to 50% due to changes in intracellular ionic strength (see Methods). In

parantheses, the number of experiments.

experiments, as shown in Fig. 14. The relative cell
volume (indicated by dark circles) was measured at 20-
secintervals by video imaging. The relative cell volume
(V/Vy) increased substantially during the hypotonic
exposure, reaching a maximum of 1.78 + 0.05 (n = 5)
four min after onset of hypotonic stress. Subsequently
the volume slowly decreased during the remaining six
minutes of exposure to the hypotonic medium, and at
the end of the 10-min hypotonic exposure, the relative
volume was 1.61 £ 0.08 (n = 5), significantly different
from the maximal volume (P < 0.05, paired z-test).

To evoke a more rapid swelling-induced [Ca®"];
response, we modified the protocol by reducing the
osmolality of the hypotonic solution to 66%. Fig. 1B
shows a typical increase of [Ca®"]; induced by 66%
hypotonic stress. The greater hypotonicity evoked a
more rapid [Ca’"]; response, with the peak typically
occurring within 30 sec of the onset of hypotonic
stress. Apart from the greater speed of the response,
the overall profile of the biphasic intracellular Ca*"
response was very similar to that evoked by 78%
hypotonic stress. Interestingly, a sustained increase of
[Ca®"]; above resting levels for more than 170 sec was
always seen after hypotonic stress in medium con-
taining 1 mm Ca®”, even when the duration of the
hypotonic exposure was limited to 30 sec (Fig. 1B).
The average F349/Fsg0 ratio of all the cells examined
was 0.96 = 0.05 (n = 31) in resting cells, and in-
creased to 3.40 + 049 (n = 11) at the peak of
the [Ca®"]; increase induced by hypotonic stress.
According to the calibration described in Methods,
this corresponds to a [Ca®']; approaching 1 pm
(see Table 1), although, as discussed, this may be a
substantial overestimate.

ROLE OF INTRACELLULAR CALCIUM RELEASE

Given the rapid onset of the increase in [Ca’™];
evoked by hypotonic stress, especially with 66% to-
nicity, we hypothesised that the peak of this [Ca®"];
response probably arose by release of Ca?" from
intracellular stores. This was confimed by experi-
ments in Ca®"-free medium (Fig. 1C), since the size
of the increase in ratio evoked by exposure to 66%
tonicity under these conditions was 3.17 + 0.43

(n = 17), not significantly different from the corre-
sponding value in the presence of 1 mm extracellular
Ca®". However, the sustained elevated [Ca®"]; seen
subsequent to the peak during (and after) hypotonic
stress was abolished in Ca’"-free medium, showing
that it resulted from enhanced Ca®" influx. Our re-
sults thus demonstrate that osmotic cell swelling in-
duced mobilization of intracellular storage sites as
well as sustained Ca®" influx from the extracellular
medium. Table 1 summarizes the effects of hypotonic
stress and carbachol on [Ca®"]; in rat submandibular
acinar cells.

We next investigated what type or types of in-
tracellular Ca®" stores were involved in swelling-in-
duced Ca®' release (SICR). For this and all
subsequent experiments we used 66% tonicity to in-
duce SICR. Firstly, in order to assess the role of
InsPs-sensitive Ca® ™ stores in SICR, hypotonic stress
was applied to the cells after depletion of the Ca*"
store with a maximal concentration of carbachol
(CCh) under Ca®"-free conditions. The results of
these experiments fell into two distinct groups.
Fig. 24 shows a result typical of six of eleven cells
tested with this protocol. In these cells, an initial
stimulus with 107> M CCh appeared to completely
deplete the store, since a second application of CCh
evoked no further release. Under these conditions,
subsequent hypotonic stress did not evoke SICR.
This result seems to indicate that InsPs-sensitive
Ca’" stores are the only intracellular Ca’" stores
involved in SICR. However, in an approximately
similar number of cells (five of eleven) we obtained a
quite different result, shown in Fig. 2B. Here, clear
SICR was observed after two treatments of the cell
with CCh. This SICR, though smaller than that ob-
served in cells which had not been stimulated, was
much larger than the [Ca®"]; increase evoked by the
second CCh stimulation.

In the protocol employed in Fig. 24 and 2B,
CCh was only present briefly, which could have al-
lowed agonist-sensitive Ca’" stores to reload to
varying degrees when CCh was removed. We
therefore also used a different protocol, in which
SICR was tested in the continuous presence of 10™* m
CCh. Fig. 2C shows a typical recording in which



K. Park et al.: Swelling-induced Ca®>" Release in Salivary Gland

A Ca?* free

CCh CCh  Hypo
2 =] (] -
2
L\n 1.6
S
Q 1.2
0.8 S
—
1 min
B Ca?* free
[ ]
1.6 CCh CCh
= — [
S
=
k1.2
~
>
&
S8
0.8
—
C 1 min
Ca?t free
[ ]
CCh
| 1
1.4 L]
S
1.2
~
S 1
o
= 0.8
—
1 min

Fig. 2. Effects of depleting intracellular Ca®" stores with carba-
chol on SICR. Dark bars in all panels indicate periods of exposure
to 66% hypotonicity. (4) Typical response from a cell where de-
pleting stores with 107> M CCh prevented SICR (n = 6). (B)
Typical response from a cell where SICR was observed even after
depletion of the InsPs-sensitive Ca” " store with 107> M CCh (n =
5). (C) Typical [Ca%™"); response induced by hypotonic stress in the
continued presence of 1074 M CCh (n = 11).

hypotonic shock evoked clear SICR even when CCh
remained present. This pattern of response was ob-
served in eleven of fifteen cells tested, with the other
four cells showing no SICR (data not shown). Taken
together, the results in Fig. 2B and 2C give qualified
support to the idea that other types of intracellular
Ca’" stores, distinct from the InsP;-sensitive Ca®"
store, exist in submandibular gland acinar cells and
give rise to at least part of the SICR response.
However, an alternative explanation would be that
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Fig. 3. Reduced SICR response in the presence of caffeine (n = 5).
Caffeine also inhibited the increase in [Ca>*']; evoked by 107% m
CCh.

hypotonic shock was simply mobilizing InsPs-sensi-
tive stores under conditions where CCh did not
evoke maximal store emptying. Although we used
high (maximally effective) concentrations of CCh, it
is still possible that in some cells not enough InsP;
was generated to evoke maximal emptying of Ca®"
stores. It was noticeable that in cells where SICR
could not be evoked after CCh treatment (Fig. 24),
the [Ca®"]; transient evoked by CCh was particularly
large. In the ten cells that showed responses of the
Fig. 24 type, the mean change in fura-2 ratio
with CCh was 0.58 + 0.13 (n = 10). This was sig-
nificantly larger (P <0.05) than the peak change in
ratio evoked by CCh in cells where SICR was sub-
sequently observed (responses of the Fig. 2B and 2C
type, mean change in ratio 0.35 = 0.04, n = 16).
We also tested the effects of ryanodine and caffeine
on the SICR response. Ryanodine has been used to
inhibit Ca®"-induced Ca®" release in salivary acinar
cells, presumably via an effect on ryanodine recep-
tors. However, ryanodine (10 pm) did not alter
[Ca®" ], when applied alone (n = 4, data not shown),
and had no consistent effect on SICR, suggesting
that ryanodine receptors were not involved in the
SICR response. Caffeine (20 mm) also failed to evoke
any [Ca®"] increase (n = 11, data not shown), in
keeping with previous work in rat submandibular
cells (Seo et al., 1999). However, caffeine did appear
to substantially reduce SICR (Fig. 3). The mean
change in ratio observed during SICR in the presence
of caffeine was 0.16 £ 0.03 (n = 5), significantly
smaller than the SICR observed in the Ca’"-free
control experiments (P < 0.01). Caffeine also clearly
inhibited InsPs-evoked [Ca® " ]; signals (Fig. 3). This is
in accordance with previous work showing that caf-
feine acts as an inhibitor of InsP3 generation in acinar
cells (Toescu et al., 1992; Seo et al., 1999), although it
could also reflect inhibition of the InsP; receptor.
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Fig. 4. Concentration dependence of the effect of thapsigargin on
[Ca®"]; in rat submandibular acinar cells. (4) Superimposed traces
showing typical responses to 0.2, 2 or 10 um thapsigargin (n = 3 to
10). The vertical arrow indicates the time when the thapsigargin
was added to the superfusate. (B) Dose-response curve showing
mean data on the [Ca”"]; response to thapsigargin in the presence
of 1 mm external Ca®>". The half maximal concentration of
thapsigargin was estimated as around 4 pm.

ARE NON-InsP3-SENSITIVE STORES INVOLVED
IN SICR?

We next used the microsomal Ca?*-ATPase inhibitor
thapsigargin to investigate the possible role of intra-
cellular Ca’>" stores distinct from the InsPs-sensitive
Ca’" store in more detail. Since different acinar cell
types vary somewhat in their ‘“‘susceptibility” to
thapsigargin, we first carried out a series of concen-
tration-response experiments by examining thapsi-
gargin’s effect on [Ca”"]; in the presence of Ca®”" in
the extracellular medium. Fig. 44 shows typical
[Ca®™); responses to three different concentrations of
thapsigargin. The lowest concentration tested, 0.2
um, hardly increased [Ca’"]; (n = 3), but 2 pm
thapsigargin consistently produced a substantial
[Ca®"]; transient, which slowly decreased back to-
ward prestimulus levels (» = 10). The highest con-
centration tested, 10 pm thapsigargin, increased
[Ca®*]; even further, producing a sustained high
plateau [Ca®"]; level, and the response was irrevers-
ible (n = 3). Fig. 4B shows a dose-response curve for
the effect of thapsigargin on [Ca’’];. The half
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Fig. 5. Treatment of submandibular cells with thapsigargin does
not prevent SICR. Dark bars indicate application of 66% hypo-
tonic medium. Carbachol was applied at a concentration of 10~ .
(A4) Observation of SICR after emptying of Ca>" stores by 2 um
thapsigargin applied for 10 min in 1 mm external Ca*>* (n = 10).
(B) Observation of SICR after depleting stores with thapsigargin in
Ca®*-free medium (n = 4). Note that 2 um thapsigargin had little
effect on [Ca®"]; under these conditions.

maximal concentration of thapsigargin was estimated
to be approximately 4 pum.

We went on to examine whether SICR could be
observed when intracellular Ca®>" stores loaded by
SERCA-type Ca’'-ATPases were depleted using
thapsigargin. We applied 2 um thapsigargin, rather
than a higher concentration, in order not to produce
a large increase in baseline [Ca®"];. Figure 54 shows
that SICR could still be observed following depletion
of Ca®>" stores with 2 pm thapsigargin. However, the
size of the SICR response was substantially less than
in control cells (peak ratio evoked by SICR following
10 min thapsigargin was 2.03 + 0.36, n = 10; com-
pare with Table 1). Application of 2 um thapsigargin
for 10 min appeared sufficient to deplete SERCA-
loaded Ca®* stores completely, since stimulation
with CCh (10~* wm) failed to evoke any increase of
[Ca®"];. We also performed similar experiments un-
der Ca’®*-free conditions. Fig. 5B is typical of four
experiments and shows that 2 um thapsigargin had
little effect on [Ca®"]; in the absence of external
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Ca’", presumably reflecting a relatively slow efflux of
Ca’" from the stores. Application of CCh (10~ m)
after 10-min treatment with thapsigargin did not in-
crease [Ca®"];, suggesting the agonist-sensitive Ca>"
stores had been depleted. However, hypotonic stress
still evoked a [Ca®"]; increase under these conditions
(peak ratio following hypotonic stress was 1.56 +
0.06, n = 4). This result strongly suggested that Ca>"
stores that are not loaded by a SERCA-type pump
are also involved in SICR.

ROLE oOF MITOCHONDRIAL CALCIUM STORES

One candidate for a non-SERCA-loaded Ca*" pool
in submandibular acinar cells might be the mito-
chondria. We used two drugs, the uncoupling agent
carbonyl cyanide m-cholorophenylhydrazone
(CCCP) and ruthenium red, to examine the role of
mitochondrial calcium stores. Like other uncoupling
agents, CCCP is a protonophore that collapses the
mitochondrial membrane potential. This inhibits
mitochondrial Ca®* uptake, which is normally driven
by the negative membrane potential across the mi-
tochondrial inner membrane (Tinel et al., 1999,
Gonzalez et al., 2000). We first tested whether CCCP
had any effect on Ca®" release from InsPs-sensitive
pools. Fig. 64 shows a typical experiment, in which
30 sec preincubation with 100 nm CCCP had little
effect on CCh-induced Ca®* mobilization (compare
with the subsequent CCh response recorded five min
after washout of CCCP). The mean change in fura-2
ratio evoked by 10~ M CCh in the presence of CCCP
was 0.47 £ 0.10 (n = 6), not significantly different
(P > 0.1) from the control CCh response in the same
cells (0.44 £ 0.07, n = 6). We next tested whether
CCCP altered the increase in [Ca’"]; evoked by
hypotonic shock (SICR) in Ca’"-free medium.
Fig. 6B shows a typical recording in which hypotonic
shock hardly evoked any SICR when CCCP had
previously been added together with CCh. In thirteen
experiments with this protocol SICR was only ob-
served in six of the thirteen cells, and even in these six
cells the change in ratio evoked by hypotonic shock
was extremely small (0.05 + 0.02; n = 6). This was
significantly smaller (P < 0.05) than the control
SICR recorded in an identical protocol without
CCCP (Fig. 2C, SICR change in ratio 0.35 £+ 0.04,
n = 16). This result clearly showed that CCCP
reduced the magnitude of SICR. The effects of CCCP
were similar when CCCP was added 30 sec before
hypotonic stress rather than at the same time as CCh
stimulation as in Fig. 6B (SICR was not observed in
any of seven cells tested, data not shown).

The results with CCCP in Fig. 2C are broadly
consistent with CCCP preventing uptake of Ca®"
into a (presumably mitochondrial) intracellular Ca®"*
pool, which becomes loaded with Ca®>* following
CCh stimulation and can then be released by hypo-
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Fig. 6. Effects of CCCP on the mitochondrial Ca?* store. (4)
Lack of effect of 100 nm CCCP on Ca release evoked by 107 m
CCh (typical of six experiments). (B) Experiment showing the in-
hibition of SICR by 100 nm CCCP in Ca** -free medium. The trace
is typical of five other cells that showed a similar very small change
in ratio, while seven other cells showed no SICR at all. (C) CCCP
induces a gradual but substantial increase in [Ca®"]; when applied
after agonist stimulation, but causes little change in [Ca®"]; in
unstimulated cells.

tonic stress. We tested this idea further by using ap-
plication of CCCP to try and release mitochondrial
Ca’" in unstimulated cells and directly following a
period of stimulation with CCh. Fig. 6C shows that
100 nm CCCP applied a few minutes after a 3-min
stimulation with 107* M CCh caused a slow, but
marked, increase in [Ca®"]; (three cells of six tested
showed an increase in ratio with CCCP; mean
response in these three CCCP-responding cells was
0.17 = 0.07 ratio units). In contrast, application of
the same concentration of CCCP for 5 min hardly
altered [Ca®>"]; in unstimulated cells (Fig. 6C). We
also applied CCCP in a protocol similar to that in
Fig. 6C but immediately after the end of CCh stim-
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10 um RR (n = 4). (C) Dose-response curve showing the effect of
preincubation with RR (for 10 min) on SICR (n = 4 for each
concentration). RR inhibited SICR in a dose-dependent manner.

ulation. Under these circumstances the CCCP-evoked
increase in [Ca®"]; was slightly larger (0.25 + 0.08
ratio units, n = 5; data not shown).

We also used ruthenium red to examine the role
of mitochondrial Ca?" stores in SICR. Ruthenium
red is probably the most widely used inhibitor of
mitochondrial Ca®>" handling, and acts by blocking
mitochondrial Ca®* uptake (Gunter & Pfeiffer, 1990;
Griffiths, 2000; Gonzalez et al., 2000), although it
is relatively cell-impermeable. Ruthenium red is
reported to have non-mitochondrial effects in some
systems, so we first tested whether the compound had
any effect on Ca”" release from InsPs-sensitive pools.
Fig. 74 shows that preincubation with 10 pum ruthe-
nium red had little effect on CCh-induced Ca’" re-
lease (typical of four experiments). However, the
preincubation with ruthenium red significantly at-
tenuated SICR (Fig. 7B, typical of four experiments).
The SICR response recovered after 5 min washout of
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10 uM ruthenium red (Fig. 7B). Fig. 7C shows aver-
aged results indicating that ruthenium red inhibited
SICR in a dose-dependent manner (n = 4 for each
concentration). The results with CCCP and Ruthe-
nium red together suggest that a Ca>* store which is
neither loaded by a SERCA-type pump, nor depleted
by CCh, coexists with the InsP3-sensitive Ca’" store
in at least a subpopulation of rat submandibular ac-
inar cells. This store, most likely located in the mi-
tochondria, and the InsPs-sensitive store appear to
both play a role in SICR.

Discussion

HyprotoNic SWELLING-EVOKED
[Ca®"] INCREASE AND RVD

Although the magnitude of the SICR response varied
between cells, the present study shows that rat sub-
mandibular acinar cells consistently responded to
osmotically induced cell swelling with a substantial
increase in [Ca® " ;. This increase in [Ca® " ]; is likely to
be involved in activating the RVD response that was
observed during exposure to the hypotonic bath so-
lution. In accordance with this, the time course of
RVD was well correlated with the period of sustained
elevation in [Ca®"];.

The peak of the [Ca®"]; response during the
hypotonic exposure was observed before maximal cell
volume was attained (see Fig. 14), suggesting that
changes in Ca®* may be important in initiating reg-
ulatory volume decrease. The faster [Ca®*]; response
evoked by a more dilute medium (66% tonicity)
suggests that the response time of the [Ca® ' ]; increase
was proportional to the rate of cell swelling. The bi-
phasic rise in [Ca® " ]; induced by cell swelling resulted
from both Ca’®" release from intracellular stores and
Ca®” influx from the extracellular medium, since a
sustained elevated [Ca”"]; was not observed under
Ca’" -free conditions (see Fig. 1C).

Although there is general agreement that exo-
crine acinar cells undergo RVD via opening of Ca*" -
activated K and ClI~ channels, the precise role of
[Ca’"]; in this process is controversial. In lacrimal
acinar cells, several studies indicate that activation of
Ca’"-dependent K* and CI~ channels, and RVD,
are dependent on the presence of external Ca®”"
(Kotera & Brown, 1993; Park et al., 1994; Speake
et al., 1998). However, no increase in [Ca® " J; could be
detected in fura-2-loaded lacrimal acinar cells sub-
jected to hypotonic stress (Elliott, 1994; Speake et al.,
1998). The resolution of this discrepancy is unclear.
However, there is evidence that the physiology of
Ca?" stores in acinar cells may be altered by how
cells are isolated and kept (Smith et al., 2000). This
has been suggested to result from alterations in the
architecture of the cytoskeleton, which appears to
play a role in controlling both Ca®* release and Ca*"
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entry (for references see Elliott, 2001). The idea that
the cytoskeleton may be a critical determinant of
whether hypotonic shock causes an increase in
[Ca®"], is intriguing, since cell swelling, and the
consequent changes in cell membrane architecture,
would be expected to have profound effects on the
arrangement of cytoskeletal elements near to or at-
tached to the plasmalemma.

Source ofF SICR

Several lines of evidence suggest that a large part of
the Ca®" release evoked by cell swelling was derived
from the InsPs-sensitive Ca>" store. Firstly, deple-
tion of the InsPs-sensitive Ca>"* store with CCh re-
duced, and in some cases abolished, the increase of
[Ca®"]; produced by SICR (Fig. 2). Secondly, the
increase in [Ca®"]; evoked by hypotonic stress was
reduced, although not abolished, by thapsigargin
treatment. Thirdly, SICR was inhibited by caffeine
(see below). Finally, if hypotonic shock causes release
of InsP;-sensitive Ca**t stores, this would offer an
explanation for the Ca®>" entry seen following hyp-
otonic exposure, which would presumably be ex-
pected via depletion-activated (capacitative) Ca®"
entry (Putney, 1986).

We also tested for the involvement of ryanodine
receptors in the SICR response, since there is evi-
dence for the existence of caffeine- or ryanodine-
sensitive intracellular Ca®" stores in salivary acinar
cells, particularly parotid acinar cells (Foskett &
Wong, 1991; Giannini et al., 1995; DiJulio et al.,
1997; Yamaki et al., 1998). Furthermore, expression
of ryanodine receptors as well as InsP3 receptors has
been reported in rat submandibular gland (Lee et al.,
1997). However, neither 10 pm ryanodine nor 20 mm
caffeine produced any increase in [Ca’"]; in our
study, which suggests that rat submandibular cells
express only very low levels of ryanodine receptors. A
similar argument has been advanced for HeLa cells,
which express type 2 ryanodine receptors, but in
which neither caffeine nor ryanodine caused any de-
tectable elevation of [Ca®>"]; (Bennett et al., 1996).
Despite the absence of any Ca® " -mobilizing effects of
caffeine alone, caffeine inhibited SICR (Fig. 3). If
SICR involves InsPs-sensitive Ca>" stores, as dis-
cussed above, then inhibition of SICR by caffeine
might be explained by an action of caffeine on either
InsP; metabolism or directly on the InsPj receptor.
Caffeine has been shown to inhibit the increase in
[Ca®"]; induced by muscarinic and a-adrenergic ag-
onists in submandibular cells by inhibiting InsP;
production (Seo et al., 1999), while inhibitory effects
of caffeine on the InsP; receptor have been described
in numerous studies (for references see Maes et al.,
1999).

If SICR does involve the InsP;-sensitive Ca’”"
store, the question arises of how Ca’" is released
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following cell swelling. A transient increase in cellular
InsP; induced by cell swelling has been reported in
proximal tubule cells and in hepatocytes (Susuki et al.,
1990; Baquet, Meijer & Hue, 1991), suggesting that
InsP; may play the role of an intracellular messenger
in SICR. An alternative would be that the swelling
somehow sensitizes the stores to resting levels of
InsP;. The inhibitory effect of caffeine is broadly
consistent with either of these possibilities, given that
caffeine can inhibit both InsP; generation and InsPs-
dependent Ca®" release (see above).

NoN-SERCA-LOADED INTRACELLULAR Ca®™
STORES AND THEIR ROLE IN SICR

Since we could find no clear functional evidence for
caffeine- or ryanodine-sensitive Ca®" stores, we fur-
ther investigated the possible involvement of SERCA
Ca’"-ATPase-loaded Ca®" stores in SICR using the
SERCA inhibitor thapsigargin, which has been used
to deplete SERCA-loaded Ca®* pools in a wide
variety of cell types, including salivary gland acinar
cells (Foskett, Roifman & Wong, 1991; Foskett &
Wong, 1991; Sakai & Ambudkar,1996; Zimmermann
& Walz, 1997). We found that SICR could still be
observed after cells had been treated with 2 pum
thapsigargin for 10 min, either in the presence or the
absence of extracellular Ca®*. This thapsigargin
concentration and application time seemed to be
sufficient to deplete SERCA-loaded Ca®" stores
fully, since the [Ca’"]; response to maximal concen-
tration of CCh was abolished (see Fig. 54). This re-
sult strongly suggests that non-SERCA-loaded Ca*"
stores do exist in submandibular gland and are also
involved in SICR.

PossiBLE ROLE OF MITOCHONDRIA

The most obvious candidate for a non-SERCA-
loaded Ca”" store that might be involved in SICR, is
the mitochondrion. It is increasingly clear that mi-
tochondria can help to regulate [Ca”"]; in a number
of different settings. Under conditions where cyto-
solic Ca®" is elevated for prolonged periods, loading
of the mitochondrial Ca®" pool occurs in many cell
types, including neuron (White & Reynolds, 1997)
and lacrimal gland acinar cells (Bird et al., 1992).
Mitochondria can also regulate [Ca®*]; in some cell
types under more physiological conditions, for
instance, sequestering Ca?" and tuning the frequency
of [Ca®>"]; oscillations in rat gonadotropes (Kaftan
et al., 2000).

The evidence that mitochondria play a physio-
logical role in [Ca®"]; regulation in acinar cells is
accumulating, although still somewhat controversial.
Tinel et al. (1999) reported that mitochondria sur-
rounding the pancreatic acinar granule region pre-
vent the spreading of InsP3-evoked local (apical
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pole) [Ca®"]; signals to the basolateral cytoplasm
and nucleus. These authors found that, when mi-
tochondrial function was inhibited, agonist stimula-
tion resulted in a global increase of [Ca®>"];, due to
the loss of this “barrier” function of the mitochon-
dria. The findings of this study have subsequently
been confirmed and extended by Straub et al.
(2000) and Park et al. (2001), although they were
disputed by Gonzalez et al. (2000), who reported a
more homogeneous distribution of mitochondria
in the pancreatic acinar cell. Gonzalez et al.
(2000) demonstrated that mitochondria in pancreatic
acinar cells did not contain releasable Ca”" at rest
but did accumulate releasable Ca®>* when [Ca’®™];
was increased by stimulating cells with a physio-
logical agonist or a SERCA inhibitor, a finding
also confirmed by Park et al. (2001). Our results
with CCCP application (Fig. 6C) similarly suggest
that mitochondria in submandibular acinar cells
only become loaded with Ca’>" following stimula-
tion.

INHIBITING MI1TOCHONDRIAL Ca’" UPTAKE WITH
CCCP or RutHeNTUM RED InHIBITS SICR

The most compelling piece of evidence for mito-
chondrial Ca®" stores playing a role in SICR was the
inhibitory effect of CCCP and ruthenium red on
SICR. Preincubation with CCCP or ruthenium red
did not affect the CCh-induced [Ca®*]; transient. This
suggested that the drugs did not inhibit ER Ca®”"
release, notwithstanding the evidence that Rutheni-
um Red can inhibit ryanodine receptor Ca>* release
channels in muscle sarcoplasmic reticulum (Garcha &
Hughes, 1994; Kanmura, Raeymackers & Casteels,
1989; Netticadan, Xu & Narayanan, 1996; Vites &
Pappano, 1994; Kargacin, Ali & Kargacin, 1998).
Given the lack of effect of CCCP and ruthenium red
on ER Ca’" release, the inhibitory effect of both
drugs on SICR clearly implies a role for mitochon-
drial stores. By analogy with the work of Gonzalez et
al. (2000) and Park et al. (2001) on pancreatic acinar
cells, we suggest that these mitochondrial stores
gradually become loaded with Ca’>" over 1-2 min
when [Ca’®*]; is raised by an agonist, by a SERCA
inhibitor, or by swelling-induced Ca®" release from
the InsPs-sensitive store.

As with the InsPs-sensitive store, the question
arises of how cell swelling evokes mitochondrial
Ca’" release. Our study does not give any clear in-
dication on this point. Again, it is tempting to suggest
that the effect of cell swelling might be transduced via
cytoskeletal attachment, in this case of mitochondria.
Gonzalez et al. (2000) and Park et al. (2001) recently
reported that mitochondria are often found in sub-
membrane locations in pancreatic acinar cells, an
architecture that is presumably maintained by cyto-
skeletal or membrane attachment.
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DoES VARIABLE MITOCHONDRIAL FUNcTION GIVE
RiISE TO THE VARIABILITY IN SICR FoLLoOWING
STORE DEPLETION?

The interpretation of experiments examining the
source of the Ca®" giving rise to SICR was compli-
cated by the fact that we observed two distinct types of
[Ca®*]; response to hypotonic stress after depletion of
InsPs-sensitive Ca” " stores with CCh. In one group of
cells, SICR could be observed, while in the other, it
could not. These two types of [Ca® " ]; response, which
occurred in roughly equal proportions, were observed
on the same day in cells prepared from the same rat.
Furthermore, there was no difference in the number of
cells in the cell cluster, or in cell size, between the two
groups. Interestingly, there was a significant difference
in the magnitude of the [Ca”"]; transient induced by
CCh in cells in the two groups, with the [Ca®™];
transient induced by CCh in the cells that subse-
quently showed SICR being smaller than in the cells
that did not show SICR. This result could be ex-
plained if mitochondria in the second group of cells
did not take up Ca>" when [Ca® " ]; was raised by CCh
stimulation. This would have the dual result that the
CCh-evoked [Ca’®™]; transient would be larger and
that no Ca®>" would be sequestered in mitochondria
for subsequent release by SICR. This hypothesis is
also supported to some extent by the fact that SICR
was consistently observed in cells pretreated with 2 pm
thapsigargin for 10 min. These cells had a persistently
elevated [Ca®"]; throughout the exposure to thapsi-
gargin, which may have favored mitochondrial Ca®*
loading (see Gonzalez et al., 2000). An alternative
hypothesis would be based on the observation that,
following mitochondrial Ca®* loading in pancreatic
acinar cells, mitochondria subsequently lose Ca®"
over minutes to tens of minutes (Gonzalez et al., 2000;
Park et al., 2001). The cells where no SICR was ob-
served could thus simply be those cells where loss of
Ca’" from mitochondria was relatively fast, so that
mitochondria no longer contained releasable Ca*”"
when the hypotonic shock was applied. Finally,
Gonzalez et al. (2000) have suggested that the extent
and effect of mitochondrial Ca®" uptake in pancreatic
acinar cells may depend on the precise morphological
arrangement of the mitochondria in a given cell, and
this has recently been confirmed experimentally (Park
et al., 2001). The presently available evidence suggests
that a large global increase in [Ca®"];, such as that
produced by maximal agonist stimulation, will prob-
ably lead to all mitochondria becoming loaded with
Ca’" to some extent (e.g., Park et al., 2001). None-
theless, it remains possible that the different classes of
SICR response we observed might be produced by a
subtle difference in the subcellular distribution of
mitochondria, which in turn could determine the
precise extent and time course of mitochondrial Ca**
loading following stimulation.
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In summary, we have demonstrated that hypo-
tonic cell swelling activates intracellular Ca®" release
and prolonged Ca®" entry in rat submandibular ac-
inar cells. All the results we have obtained are con-
sistent with hypotonic stress inducing Ca”" release
both from InsPs-sensitive Ca®" stores and from mi-
tochondria. However, SICR from the mitochondria
seems only possible when the mitochondria have been
loaded with Ca®* by elevation of [Ca®*];. As in other
systems, this would be consistent with one role of
mitochondria being to limit the increase in [Ca®™];
induced by high levels of stimulation.
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2). We are grateful for the technical assistance of Young Min Ha.

References

Baquet, A., Meijer, A.J., Hue, L. 1991. Hepatocyte swelling in-
creases inositol 1,4,5-triphosphate, calcium and cyclic AMP
concentration but antagonizes phosphorylase activation by
Ca®" dependent hormones. FEBS Lert. 278:103-106

Bennett, D.L., Cheek, T.R., Berridge, M.J., Smedt, H.D., Parys,
J.B., Missiaen, L., Bootman, M.D.1996. Expression and func-
tion of ryanodine receptors in nonexcitable cells. J. Biol. Chem.
271:6356-6362

Bird, G.St.J., Obie, J.F., Putney, J.W., Jr. 1992. Functional ho-
mogeneity of the non-mitochondrial pool in intact mouse
lacrimal acinar cells. J. Biol. Chem. 267:18382-18386

Breton, S., Beck, J.S., Cardinal, J., Giebisch, G., Laprade, R. 1992.
Involvement and source of calcium in volume regulatory de-
crease of collapsed proximal convoluted tubule. Am. J. Physiol.
263:F656-F664

da Silva, C.P., Guse, A.H. 2000. Intracellular Ca>" release mech-
anisms: multiple pathways having multiple functions within the
same cell type? Biochim. Biophys. Acta. 1498:122-133

DiJulio, D.H., Watson, E.L., Pessah, I.N., Jacobson, K.L., Ott,
S.M., Buck, E.D., Singh, J.C. 1997. Ryanodine receptor type
IIT (Ry;R) identification in mouse parotid acini. J. Biol. Chem.
272:15687-15696

Elliott, A.C. 1994. Effects of cell swelling on intracellular calcium in
isolated rat lacrimal acinar cells. J. Physiol. 477:9P

Elliott, A.C. 2001. Recent developments in non-excitable cell cal-
cium entry. Cell Calcium 30:73-93

Foskett, J.K., Melvin, J.E. 1989. Activation of salivary secretion:
coupling of cell volume and [Ca®"']; in single cells. Science
244:1582-1585

Foskett, J.K., Roifman, C.M., Wong, D. 1991. Activation of cal-
cium oscillations by thapsigargin in parotid acinar cells. J. Biol.
Chem. 266:2778-2782

Foskett, J.K., Wong D. 1991. [Ca®"]; oscillations in thapsigargin-
treated parotid acinar cells are caffeine- and ryanodine-sensi-
tive. J. Biol. Chem. 266:14535-14538

Foskett, J.K., Wong, M.M.M., Sue-A-Quan, G., Robertson, M.A.
1994. Isosmotic modulation of cell volume and intracellular ion
activities during stimulation of single exocrine cells. J. Exp.
Zool. 268:104-110

Garcha, R.S., Hughes, A.D. 1994. Action of heparin and ruthe-
nium red on responses of reversibly-permeabilised rat mesen-
teric arteries. Eur. J. Pharmacol. 268:319-25

Giannini, G., Conti, A., Mammarella, S., Scrobogna, M., Sorren-
tino, V. 1995. The ryanodine receptor/calcium channel gene are
widely and differentially expressed in murine brain and pe-
ripheral tissues. J. Cell. Biol. 128:893-904

175

Gonzalez, A., Schulz, 1., Schmid, A. 2000. Agonist-evoked mitoc-
hondrial Ca>" signals in mouse pancreatic acinar cells. J. Biol.
Chem. 1275:38680-38686

Griffiths, E.J. 2000. Use of ruthenium red as an inhibitor of mi-
tochondrial Ca®" uptake in single rat cardiomyocytes. FEBS
Lett. 486:257-260

Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new generation
of Ca?* indicators with greatly improved fluorescence proper-
ties. J. Biol. Chem. 260:3440-3450

Gunter, T.E., Pfeiffer, D.R. 1990. Mechanisms by which mito-
chondria transport calcium. Am. J. Physiol. 258:C755-C786

Hazama, A., Okada, Y. 1990. Biphasic rises of cytosolic free Ca’™*
in association with activation of K™ and Cl~ conductance
during the regulatory volume decrease in cultured human epi-
thelial cells. Pfliigers Arch. 416:710-714

Kaftan, E.J., Xu, T., Abercrombie, R.F., Hille, B. 2000. Mito-
chondria shape hormonally induced cytoplasmic calcium
oscillations and modulate exocytosis. J. Biol. Chem. 275:25465—
25470

Kanmura, Y., Raeymaekers, L., Casteels, R. 1989. Effects of
doxorubicin and ruthenium red on intracellular stores in skin-
ned rabbit mesenteric smooth-muscle fibers. Cell Calcium
10:433-439

Kargacin, G.J., Ali, Z., Kargacin, M.E. 1998. Ruthenium red re-
duces the Ca>" sensitivity of Ca®>" uptake into cardiac sarco-
plasmic reticulum. Pfliigers Arch. 436:338-342

Kotera, T., Brown, P.D. 1993. Calcium-dependent chloride current
activated by hyposmotic stress in rat lacrimal acinar cells.
J. Membrane Biol. 134:67-74

Lee, M.G., Xu, X., Zeng, W., Diaz, J., Wojcikiewicz, R.J.H., Kuo,
T.H., Wuytack, F., Raeymaekers, L., Muallem, S. 1997. Po-
larized expression of Ca>" channels in pancreatic and salivary
gland cells. J. Biol. Chem. 272:15765-15770

Maes, K., Missiaen, L., Parys, J.B., Sienaert, L, Bultynck, G., Zizi,
M., De Smet, P., Casteels, R., De Smedt, H. 1999. Adenine-
nucleotide binding sites on the inositol 1,4,5-trisphosphate re-
ceptor bind caffeine, but not adenophostin A or cyclic ADP-
ribose. Cell Calcium 25:143-52

Martinez, J.R., Cassity, N. 1985. CI fluxes in dispersed rat sub-
mandibular acini: effects of acetylcholine and transport inhibi-
tors. Pfliigers Arch. 403:50-54

McCarty, N.A., O’Neil, R.G. 1991. Calcium-dependent control of
volume regulation in renal proximal tubule cells: 1. Swelling-
activated Ca®>" entry and release. J. Membrane Biol. 123:149—
160

Nakahari, T., Murakami, M., Yoshida, H., Miyamoto, M., Soh-
ma, Y., Imai, Y. 1990. Decrease in rat submandibular acinar
cell volume during ACh Stimulation. Am. J. Physiol. 258:G878—
G886

Negulescu, P.A., Machen, T.E. 1990. Intracellular ion activities
and membrane transport in parietal cells measured with fluo-
rescent dyes. Methods in Enzymology 192:38-81

Negulescu, P.A., Munck, B., Machen, T.E. 1992. Volume-sensitive
Ca influx and release from intracellular pools in gastric parietal
cells. Am. J. Physiol. 263:C584—-C589

Netticaden, T., Xu, A., Narayanan, N. 1996. Divergent effects of
ruthenium red and ryanodine on Ca?" /calmodulin-dependent
phophorylation of the Ca®" release channel (ryanodine recep-
tor) in cardiac sarcoplasmic reticulum. Arch. Biochem. Biophys.
333:368-376

Park, K.-P., Beck, J.S., Douglas, 1.J., Brown, P.O. 1994. Ca*-
activated K" channels are involved in regulatory volume de-
crease in acinar cells isolated from the rat lacrimal gland.
J. Membrane Biol. 141:193-201

Park, M.K., Ashby, M.C., Erdemli, G., Petersen, O.K., Tepikin,
A.V. 2001. Perinuclear, perigranular and sub-plasmalemmal



176

mitochondria have distinct functions in the regulation of cel-
lular calcium transport. EMBO J. 20:1863-74

Putney, J.W. Jr. 1986. A model for receptor-regulated calcium
entry. Cell Calcium T:1-12

Sakai, T., Ambudkar, I.S. 1996. Role of protein phosphatase in the
regulation of Ca®" influx in parotid gland acinar cells. Am. J.
Physiol. 271:C284-C294

Seo, J.T., Larcombe-McDouall, J.B, Case, R.M., Steward, M.C.
1995. Modulation of Na"-H™ exchange by altered cell volume
in perfused rat mandibular salivary gland. J. Physiol. 487:185—
195

Seo, J.T., Sugiya, H., Lee, S.L, Steward, M.C., Elliott, A.C. 1999.
Caffeine does not inhibit substance P-evoked intracellular Ca>™"
mobilization in rat salivary acinar cells. Am. J. Physiol. 276:
C915-C922

Smith, P.M., Harmer, A.R., Letcher, A.J., Irvine, R.F. 2000.
The effects of inositol 1,3,4,5-tetrakisphosphate on inositol
trisphosphate-induced Ca®" mobilization in freshly isolat-
ed and cultured mouse lacrimal acinar cells. Biochem. J. 347:77—
82

Speake, T., Douglas, 1.J., Brown, P.D. 1998. The role of calcium in
the volume regulation of rat lacrimal acinar cells. J. Membrane
Biol. 164:283-291

Straub, S.V., Giovannucci, D.R., Yule, D.I. 2000. Calcium wave
propagation in pancreatic acinar cells: functional interaction of
inositol 1,4,5-trisphosphate receptors, ryanodine receptors, and
mitochondria. J. Gen. Physiol. 116:547-560

Susuki, M., Kawahara, K., Ogawa, A., Morita, T., Kawaguchi, Y.,
Kurihara, S., Sakai, O. 1990. [Ca”]i rises via G protein during

K. Park et al.: Swelling-induced Ca>* Release in Salivary Gland

regulatory volume decrease in rabbit proximal tubule cells. Am.
J. Physiol. 258:F690-F696

Tinel, H., Cancela, J.M., Mogami, H., Gerasimenko, J.V., Gera-
simenko, O.V., Tepikin, A.V., Petersen, O.H. 1999. Active
mitochondria surrounding the pancreatic acinar granule region
prevent spreading of inositol triphosphate-evoked local cyto-
solic Ca®" signals. EMBO. J. 18:4999-5008

Toescu, E.G., O’Neil, S.C., Petersen, O.H., Eisner, D.A. 1992.
Caffeine inhibits the agonist-evoked cytosolic Ca®* signal in
mouse pancreatic acinar cells by blocking inositol triphosphate
production. J. Biol. Chem. 267:23467-23470

Vites A.-M., Pappano A.J. 1994. Distinct modes of inhibition by
ruthenium red and ryanodine of calcium-induced calcium re-
lease in avian atrium. J. Pharmacol. Exp. Ther. 268:1476-1484

White, R.J., Reynolds, 1.J. 1997. Mitochondria accumulate Ca’*
following intense glutamate stimulation of cultured rat fore-
brain neurons. J. Physiol. 498:31-47

Williams, D.A., Fay, F.S. 1990. Intracellular calibration of the
fluorescent calcium indicator Fura-2. Cell Calcium 11:75-83

Wong, S.M.E., Debell, M.C., Chase, H.S., Jr. 1990. Cell swelling
increases intracellular free Ca in cultured toad bladder cells.
Am. J. Physiol. 258:F292-F296

Yamaki, H., Morita, K., Kitayama, S., Imai, Y., Itadani, K.,
Akagawa, Y., Dohi, T. 1998. Cyclic ADP-ribose induces Ca’*
release from caffeine-insensitive Ca®>" pools in canine salivary
gland cells. J. Dent. Res. 77:1807-1816

Zimmermann, B., Walz, B. 1997. Serotonin-induced intracellular
calcium waves in salivary glands of the blowfly Calliphora
erythrocephala. J. Physiol. 500:17-28



