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Abstract. Earlier studies have suggested a role fof'Ca the loss of K and CT following the activation of C&'-

in regulatory volume decrease (RVD) in response to hy-dependent Kand CI' channels (Marty, 1987), generates
potonic stress through the activation of‘Gaependent an osmotic gradient leading to the loss of water and
ion channels (Kotera & Brown, 1993; Park et al., 1994).subsequent cell shrinkage as part of the secretory re-
The involvement of C& in regulating cell volume inrat  sponse (Foskett, 1990).

lacrimal acinar cells was therefore examined using a  Recent studies in this laboratory have shown that the
video-imaging technique to measure cell volume. TheC&*-dependent K and CI' channels in lacrimal acinar
trivalent cation Gd* inhibited RVD, suggesting that cells are also activated during cell swelling (Kotera &
Ca&* entry is important and may be via stretch-activatedBrown, 1993; Park et al., 1994). The regulatory volume
cation channels. However, Fura-2 loaded cells did notdecrease (RVD) observed in response to swelling in
show an increase in [€4; during exposure to hypotonic these cells was inhibited by the €adependent K chan-
solutions. The absence of any changes in’[Gare-  nel blocker, tetraethylammonium ion (TEAPark et al.,
sulted from the buffering of cytosolic Gaby Fura-2  1994): and accelerated by a reduction of extracellular Cl
during hypotonic shock and therefore inhibition of RVD. concentration (Kotera & Brown, 1993). Activation of
The intracellular C& chelator, BAPTA, also inhibited both K" and CI channels by cell swelling, and the RVD,
the RVD response to hypotonic shock. An increase irwere dependent on the presence of extracellul&.Ca
[C&a?"]; induced by either acetylcholine or ionomycin, These data led to the suggestion that'Gaflux may be
was found to decrease cell volume under isotonic connecessary for channel activation during RVD. Addi-
ditions in lacrimal acinar cells. Cell shrinkage was in- tional experiments showed that Cthannel activation
hibited by tetraethylammonium ion, an inhibitor ofa  was blocked by Gt (Kotera & Brown, 1993). It was
activated K channels. On the basis of the presentedconcluded that C4 entry via Gd*-sensitive, stretch-
data, we suggest an involvement of intracellulafda  activated channels may therefore have an important role
controlling cell volume in lacrimal acinar cells. in controlling RVD.

Using video-imaging techniques to measure cell
volume changes, a number of criteria have been assesse
to determine the involvement of €ain RVD in this
study. These criteria include the effect of intracellular
C&" buffering on RVD, and the use of Gto inhibit
Introduction Ca" entry. The effects of hyposmotic shock on fCa
were also examined using microspectrofluorimetry and
Fura-2.

Key words: Regulatory volume decrease — Casig-
naling — Acetylcholine — Secretion — Fura-2

Calcium is the major intracellular signal controlling fluid
and electrolyte secretion in exocrine acinar cells. An in-
crease in the concentration of intracellular free calciumyyaterials and Methods
([Ca?";) activates ion channels in luminal and basolat-
eral plasma membranes (Petersen, 1992). In acinar cells,

CELL PREPARATION

S Single lacrimal gland acinar cells were isolated using the procedure
Correspondence toT. Speake described by Kotera and Brown (1993). Briefly, small pieces of rat
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lacrimal gland were incubated with trypsin (type XI; Sigma, Poole, Nikon Diaphot inverted microscope equipped for epifluorescence with
UK) and collagenase (type IlI; Sigma). To dissociate the tissue into aquartz optics. Acinar cells loaded with Fura-2 were allowed to adhere
suspension of single cells, the tissue was triturated repeatedly througto a coverslip forming the base of a perfusion chamber, and were then
a pipette tip and the cell suspension was then filtered through a nylorobserved with a x40 oil immersion lens (N.A. 1.3). An adjustable
mesh. Following centrifugation, the acinar cells were resuspended irdiaphragm was used to isolate individual cells from the remaining cells
Medium 199 (Sigma) and plated out on 15-mm diameter round glassn view. Cells were excited with light at wavelengths of 350 and 380
coverslips (washed in ethanol) placed on the bottom of 35-mm culturenm for Fura-2 using a filter wheel spinning at 40Hz (Cairn Research,
dishes for volume measurements. The dishes were stored in an inclkent, UK). Emitted fluorescence (500 + 20 nm) was detected by a
bator at 37°C and gassed with 5% ¢@5% O, for a minimum of 1 hr photomultiplier tube (Thorn EMI Electron Tubes, Ruislip, UK), the
to allow the cells to adhere to the coverslips. signal from which was fed to the virtual ground current pre-amplifier of
a spectrophotometer system (Cairn Research Ltd.). Demodulated fluo-
rescence signals and ratio signals (calculated online) were displayed on
CELL VOLUME MEASUREMENTS a chart recorder (Gould Electronics, Iiford, UK) and recorded on VHS
videotape using a VCR adaptor (PCM-8, Medical Systems, Greenvale,
The perfusion chamber containing the glass coverslip was then tranNY).
ferred to the stage of an inverted microscope (World Precision Instru-  Changes in [C&]; in response to either stimulation with ACh or
ments) and superfused with isotonic medium at a flow rate of 3 ml/min.ionomycin, and during exposure to hypotonic solutions were examined.
The isotonic medium contained (inmjt NaCl 140; KCI 5; CaCJ 1; Acinar cells were perfused with isotonic control solution prior to stimu-
MgCl, 1; HEPES 5; glucose 5 (osmolality 276 + 1.0 mOsm/kg kD; lation with either ACh or ionomycin for a 5-min period, or hypotonic
n = 5). The pH was adjusted to 7.4 with NaOH, and the solution solutions for a period of 15 min.
gassed with 100% Oprior to use. In those figures illustrating changes in [€h, the uncalibrated
Cell volume was measured by video imaging as described by Partd50:380 nm ratio signal is shown as an index of {¢a Absolute
etal. (1994). Cells were observed through the x25 objective lens of théstimates of [C&]; were not routinely derived from the values of the
microscope, which was fitted with an EDC-1000 camera (Electrim, 350:380 nm fluorescence ratio. However, in a previous study using the
Princeton, NJ). The images were saved on hard disk at 30-sec or 1-mipame fluorescence system and isolated lacrimal acinar cells
intervals. The pixel resolution of each image was 192 x 165 which(Yodozawa, Speake & Elliott, 1997), a two-point calibration of the
corresponds to an area of 77.5 x 7. The area of the image was Fura-2 signal was carried out (Grynkiewicz, Poenie & Tsien, 1985).
estimated using an AVS software package (Hewlett Packard), wherd he 350:380 nm ratio signal varied between 0.9 and 1.2 in resting cells,
the number of pixels bounded by the perimeter of each cell was meacorresponding to an estimated fCh of between 20 and 75w These
sured. values are comparable with earlier estimations for lacrimal acinar cells
In all experiments cell volume was normalized to the volume (Marty & Tan, 1989; Berrie & Elliott, 1994).
measured during an initial 1- to 3-min superfusion with isotonic solu-
tion. Changes in cell volume in response to exposure to a hypotonic
solution, or to stimulation with either acetylcholine (ACh) to ionomy- Results
cin were then examined. The hypotonic solution was similar to the
isotonic solution except that it contained only 9@+MNaCl (osmolality
=_190.2 +1.1 mOsm/kg KO;n = 5). ACh (Sigma) and ionomycin THE ROLE OF C22* IN RVD
(Sigma) were simply added to the isotonic solution.
The effect of various compounds on the observed changes in cell
volume were examined, e.g., atropine (Sigma), TE8igma), GdC} Figure 1A shows the effects of exposing lacrimal acinar
(Sigma), Fura-2/AM (acetoxymethyl ester; Molecular Probes, Leiden,cells to the hypotonic solution in control conditions, i.e.,
Netherlands) and BAPTA/AM (Mole(;ular Probes). In thpse experi- jn the presence of 1-mnextracellular C&". On exposure
ments where the cells were loaded with BAPTA to buffer intracellular to the hypotonic solution the cells rapidly swell to a

Ca", 1-ml portions of the cell suspension following isolation were . L .
incubated with 2Q+sm BAPTA/AM for 90 min at room temperature. maX|mL!m volume of 1.32 + 0.0]n(= 7) Wlthm 1 min.
Loaded cells were washed twice and resuspended in isotonic mediunfs RVD is then observed over the next 19 min, so that the
Cells were loaded with Fura-2/AM as described below. The osmolalitycell volume at the end of a 20 min exposure to the hy-
of the solutions was measured by freezing depression point methoghotonic solution is 1.18 + 0.01, a significant decrease
using a Roebling micro osmometer (Camlab, Cambridge UK). Experi-from the maximum volumeR < 0.01, by paired-test).
ments were performed at room temperature (20-24°C). Similar results were obtained when an isotonic solution

Where appropriate, the data are expressed as the mean relative . .
bprop P containing 100-m mannitol and 90-m NaCl was re-
cell volume £se and n represents the number of cells tested. Unless

otherwise stated, the significance of volume changes was assessed %aced by the hypOtoniC solution (Park et al., 1994),
comparing the mean maximum volume (non-normalized data) reachetnerefore eliminating any effect of altered driving forces
during an osmotic shock with the mean volume seen at the end of then cell volume.

osmotic shock using the Student¢est for paired data. In our earlier Study, a Ga-free hypotonic solution
significantly inhibited the RVD geeFig. 2B; Park et al.,
1994), suggesting the importance of extracellulaf‘Ca
In Fig. 1B, 20 pm GdCl was added to the hypotonic
Following isolation, 1-ml portions of the cell suspension were Ioadedsomtlon' In six eXpenments.under.these Condltlons’ cells
with 1-um Fura-2/AM for 30 min at room temperature. Loaded cells swelled to 1.31 + 0.02 within 3 min. After 20-min ex-

were then washed twice and resuspended in HEPES-buffered isotonigOSure to the hypotonic solution, cell volume was 1.27 +
medium. Dye fluorescence was measured using a system based on®&02. Thus in the presence of &dthe cell volume at

FLUORESCENCEMEASUREMENTS OFCa™];
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the end of exposure to a hypotonic solution, was notp
significantly different from the peak volume observéd ( 1.4+
> 0.05, by paired-test).

Hypotonic

THE EFFECTS OFHYPOTONIC SOLUTIONS ON[Ca®],

If Ca®" is important in RVD then one might expect to see
an increase in [C4]; during exposure to hypotonic so-
lutions. Lacrimal acinar cells were therefore loaded with
Fura-2 to determine the effect of hypotonic shock on 0.8 . . . I I .
[C&a?"];,. Figure 2A shows that replacing the isotonic so- 0 5 10 15 20 25 30
lution with the hypotonic solution did not change the Time (min)

350:380-nm fluorescence ratio signal. Similar results

were observed in ten experiments at room temperatur

Hypotonic solutions were also found to have no effect on Hypotonic & 20puM Gd*"

[C&a?"]; in experiments performed at 37°@ & 10; data i
not showi. The light emitted in response to excitation
of 350 nm light is shown in Fig.B. There was a slight
decrease in this signal in response to the hypotonic so-
lution, indicating that the cell was swelling, i.e., there
was dilution of the cytosolic dyen(= 10). On return to

the isotonic solution, the 350-nm signal increased again
as the cell returned to its normal volume. During the
exposure to the hypotonic solution, however, the 350-nm 0.8 : . ' . . :
signal did not change suggesting that the RVD may be 0 S s 200 25 30
inhibited by the presence of Fura-2. Time (min)

Relative Cell Volume
T

Relative Cell Volume
in

Fig. 1. The role of C&" in RVD in lacrimal acinar cells(A) The
LoADING LACRIMAL CELLS WITH FURA-2 OR BAPTA extracellular medium was made hypotonic by the removal of 50-m
INHIBITS RVD NaCl (causing a reduction in osmolality from 276 to 190 mOsm/kg

H,0) for the period indicated by the bgB) The extracellular medium

To investigate the possible inhibition of RVD by Fura-2, "2 Made hypotonic in the presence ofi20-Gd". Cell volume was
' monitored by measuring the area of a video image of the cell. Volumes

the vplumg of Cje”S loaded Wlt.h Fura-2 was measurgd bxvere then calculated assuming the cell to be spherical, and expressed a
the video-imaging method. Figurd3hows the RVD in g fraction of the control volume measured over the first minute of the
cells which were loaded with Fura-A(n = 5) and in  experiment. Data are mean sem of (A) 7, and(B) 6 experiments
control (unloaded) celldl; n = 8) from the same prepa- respectively. The mean pixel valuesem for each group of cells at the
rations. Exposure of the Fura-2 loaded cells to the hybeginning of the experiments (A) and(B) were 4158 + 150 and 3513
potonic solution caused an increase in volume to 1.22 £ 38 respectively.
0.03, which is not significantly different to that observed
in the control cells (1.25 = 0.0 > 0.1 by unpaired
t-test)_ In control cells a clear RVD was observed (VOl' inhibited with the cell volume ianeaSing to and remain-
ume after 15 min, 1.09 + 0.01). However, in the cellsing at 1.25 + 0.02 throughout the exposure to the hypo-
loaded with Fura-2, the RVD was inhibited, i.e., after atonic solution (volume at end of osmotic shock not sig-
15-min exposure to the hypotonic solution, the cell vol- Nificantly different from peak volume? > 0.1 by paired
ume had decreased to 1.17 + 0.02 (not significantlyt-test).
lower than the peak volum®, > 0.1 by paired-test).

The most likely explanation for the inhibition of the >
RVD in Fig. 3A is that the Fura-2 is acting as a Ca AN INCREASE IN[Ca’™]; CAUSES A DECREASE IN
buffer. To test this hypothesis the RVD in cells loaded CELL VOLUME
with another C&" buffer, BAPTA, was examined. Fig-
ure B shows the effects of hypotonic solutions on con-The data in Figs. 1 and 3 suggest thaf Camay play a
trol cells (@; n = 8) and cells loaded with BAPTAK; role in RVD in lacrimal gland acinar cells. However, the
n = 8). Under control conditions an RVD was observedfact that Fura-2 inhibits RVD makes it difficult to con-
with a volume recovery from 1.25 + 0.01 to 1.11 + 0.02 firm that an increase in [G4]; is necessary for RVD.
during the 15-min exposure to the hypotonic solution.To further examine the possible role of €an control-
In the presence of BAPTA the RVD was completely ling cell volume, experiments were performed to inves-
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A Hypotonic

350:380nm 11 —
ratio

0.9
2 min
B Hypotonic
12
350nm
signal (V) mll l I l "“MI l'"

0.7

2 min

Fig. 2. (A) Cell swelling does not increase [€%. Cells were loaded with the Easensitive dye, Fura-2 to measure fJa The extracellular
medium was made hypotonic by the removal of 5Q-MaCl for the period indicated by the bar. The 350:380-nm ratio signal is shown as an index
of [C&%*];. (B) The individual 350-nm signal did decrease during cell swelling. These data are representative of 9 other experiments.

tigate the effects of increasing [E% on cell volume in  cell volume decreased to 0.92 + 0.01 € 4; Fig. 5A).
isotonic conditions. On removal of ACh, the cell volume did not recover and

Figure 4A shows the effect of Jem ACh on [C&]; remained at this reduced level. In similar experiments
in lacrimal gland acinar cells. ACh produced a biphasicperformed at 37°C, ACh caused a similar decrease in cell
increase in [C&]; to a maximum value followed by a volume @ata not showp In these experiments, how-
decrease to a sustained ‘plateau’ level, as previously desver, cell volume recovered on the removal of
scribed by Kwan et al. (1990). The initial increase in the ACh. This recovery was inhibited by bumetanide, an
350:380-nm ratio with ACh in Fig. 4 corresponds to an inhibitor of the N&-K*-2CI~ cotransporter data not
increase in [C&]; from approximately 95 nm (resting shown?.

[C&a®"],) to 300-m Ce&* . Similar changes in [CGd], Figure B shows that in the presence of Qui# at-
were observed in 5 cells in the presence of ACh. Theopine, 1pm ACh failed to cause cell shrinkage & 4).
increase in [C&]; was inhibited by 0.1um atropine  This indicates that the ACh-induced cell shrinkage is
indicating the involvement of muscarinic receptans= caused as a result of ACh acting at muscarinic receptors
6; data not shown in lacrimal acinar cells.

Figure 4B illustrates the changes in [€3, associ- Figure 8 shows that 0.3tM ionomycin causes a
ated with the application of 0.@m ionomycin, a C&"  decrease in cell volume. During a 5-min exposure to
ionophore. There is a biphasic increase in{Qawith ionomycin, the relative cell volume decreased to 0.90
an initial large increase followed by an elevated®Ca 0.01 f = 8).

‘plateau’ phase (similar results were obtained in 5 ex-

perlmer_lts). Thgs,.the. Increase n F(jasnmulayed by THE ROLE OF K* CHANNELS IN CELL SHRINKAGE

0.34um ionomycin is similar to that observed withilm
ACh, both in terms of the size and time-course of the
changes.

Figure 5 shows the effects of ACh and ionomycin on
lacrimal gland acinar cell volume. During a 3-min ex-
posure to lum ACh at room temperature, the relative

The data in Fig. 5 show that an increase in {Qain
isotonic conditions causes a decrease in cell volume.
One possible mechanism is that the increase irf{ca
activates K and CI' channels leading to a loss of kand

CI” from the cell. To assess the possible involvement

1 The values quoted for [¢4;, may be underestimated when consid- It has previously been shown that the *N&"-2CI~ cotransporter
ering that Fura-2 inhibits RVD through the buffering of intracellular contributes to regulatory volume increase (RVI) in lacrimal acinar cells
cat. at 37°C but not at room temperature (Douglas & Brown, 1996).
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of Caf*-activated K channels in cell shrinkage, exper- A
iments were performed in the presence of TEA 1.3
Calcium-activated K channels in lacrimal acinar cells
have previously been reported to be sensitive to TEA
(Trautmann & Marty, 1984; Lechleiter, Dartt & Brehm,
1988; Park et al., 1994). In FigAglacrimal acinar cells
were exposed to 2-m TEA™ for 5 min prior to the
addition of 1M ACh to the superfusate. In these con-
ditions, ACh failed to cause a significant decrease in cell
volume f = 10; P > 0.1), suggesting that activation of
K™ channels are involved in ACh-induced cell shrinkage. 0.9 0 I A 5 2 2
Since TEA has been reported to partially block musca-

rinic-evoked secretion in the sheep parotid gland (Cook
et al., 1992), we therefore also used ionomycin to in-
crease [C&T; and to eliminate any possible antagonistic

Hypotonic

Relative Cell Volume
in

Time (min)

! L 4 Hypotoni
effects (Fig. 8). TEA" (2 mm) also inhibited the effects o _w_
of ionomycin on cell volumer( = 5). ERES
(=]
2 124
) ) 3
Discussion © L1
>
g 1.0
7]
EVIDENCE FOR A ROLE oF C&" IN RVD & 0.9
0.8 T T T T T

Calcium is thought to have a role in controlling RVD in 0 ’ 10 3 20 >

many cells. There is, however, confusion in the litera- Time (min)

ture as to its precise importance. This has probabl 8 3. Buffering [C&"]; inhibits the RVD in hypotonic solutiongA)
arisen because of d|screpanC|es between results prOducﬁ D response to cell swelling is inhibited by loading the cells with
by a variety of experimental methods (McCarty & Fura-2. @) and @) symbols represent data from 8 control (pixel value,
O’Neil, 1992). Foskett (1994), therefore proposed that a3045 + 353) and 5 Fura-2-loaded (pixel value, 2583 + 205) cells re-
number of criteria must be satisfied in order to establiskspectively.(B) Intracellular C&" chelation with BAPTA inhibits RVD
the role of C&" in RVD. In our studies of lacrimal aci- in lacrimal acinar cells. The control celllf exhibited RVD, whereas
nar cells we have examined several criteria by differenftVP Was inhibited by 2Qum BAPTA in loaded cells A). The extra-

cellular medium was made hypotonic by the removal of 50-NaCl
methods, and the significance of the results obtained ar]%r the period indicated by the bar. Data are meases of 8 experi-

discussed below. ments for both control (pixel value, 3517 + 133) and BAPTA-loaded
(pixel value, 3066 + 250) cells.

INHIBITION OF RVD By ReEMovING C&* FROM THE

"
EXTRACELLULAR MEDIUM RVD s INHIBITED BY G’

If Ca®* influx from the extracellular solution is important
Our earlier study demonstrated that the RVD was inhibin RVD, then there must be a pathway for*Cantry
ited in C&*-free medium (Fig. B; Park et al., 1994). during RVD. One such pathway could be via stretch-
This maneuver has been shown to inhibit RVD in manyactivated, nonselective cation channels which are acti-
other cells (McCarty & O’Neil, 1992; Foskett, 1994) and vated by cell swelling (Christensen 1987; Kotera &
can be interpreted in two ways. The simplest explanaBrown, 1993). These channels have been shown in
tion is that C&" influx into the cell, leading to an in- patch-clamp experiments to be inhibited by the trivalent
crease in [C&],, is required for RVD. However, it may cation, Gd" (Yang & Sachs, 1989). In lacrimal cells,
also be interpreted as showing that’?Chas a ‘permis-  Gd** significantly reduced volume regulation during ex-
sive role’ in RVD, i.e., an increase in [€§, is not a posure to hypotonic solutions (FigB)JL This suggests
primary signal in controlling RVD, but that &  that the route for C4 entry during the RVD response
dependent processes, which are inhibited by*Qa-  may be via stretch-activated channels. Furthermore, the
moval, are involvedgeeMcCarty & O’Neil, 1992). In  inhibition of RVD by G&* indicates that C& influx is
this second case, influx of €aand an increase in [E]; necessary for RVD to occur, i.e., the role of°Cés not
are not necessary for RVD. simply permissive.
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1uM ACh
23=
350:380nm
ratio
1 min
1.3
B 0.3uM ionomycin
3.5 Fig. 4. (A) Effect of ACh (1m) on the
fluorescence signal recorded from a single cell
loaded with Fura-2. The ratio of the fluorescence
emission obtained with dual excitation at 350 and
350:380nm 380 nm is shown as an index of [€%. Four

ratio other experiments produced comparable results.
(B) lonomycin initially mobilizes C&" from
internal stores, followed by a sustained elevated
plateau as CH entry is stimulated. This

m exper?ment is representative of 4 other
experiments.

1.0 =

Ce&*-ACTIVATED CHANNELS ARE INVOLVED IN RVD C&" entry via stretch-activated cation channels, leading
to an increase in [C4]; is necessary for RVD in lacrimal

The activation of C&™-activated CI and C&*-activated  gland acinar cells.

K™ channels by cell swelling in lacrimal acinar cells is

well documented (Kotera & Brown, 1993; Park et al.,

1994), and it has previously been suggested that botffELL SWELLING DOES NOT INCREASE

channels are involved in RVD (Park et al., 1994). TheFURA-2 FLUORESCENCE

present study provides additional evidence for the in-

volvement of these channels in volume regulation, byCell swelling caused by hypotonic solutions did not

showing that maneuvers which inhibit channel activa-cause an increase in [€% in Fura-2 loaded cells (Fig.

tion, also inhibit RVD, e.g., removal of extracellular 2). These results are consistent with an earlier study on

Ca&*, the addition of G&" 3 and the buffering of C& lacrimal acinar cells (Elliott, 1994). They are, however,

with BAPTA. On the basis of these data, we suggest thasurprising in view of the other evidence that*Cas

required for RVD. However, similar discrepancies be-

tween volume measurements and results obtained using

3G is not inhibiting RVD by directly blocking the K and CF fluorescent indicators exist e,lse\'/vhere in the literature

channels, because it has been shown in patch clamp experiments thatqtor a reviewseeMcCarty & O Nell’ 1992).

neither blocks C&-activated CT channels (Kotera & Brown, 1993), There are several explanations as to why the Fura-2

nor C&*activated K channels (K.-P. Park and P.D. Brommpub-  fluorescence did not change in the present study. The

lished observationsin lacrimal acinar cells. first is that C&* has only a permissive role in the control
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Fig. 5. Volume changes in lacrimal acinar cells exposedAp ace-
tylcholine (ACh; 1 pm); (B) ACh and atropine (0.1um); and (C)
ionomycin (0.3um). Cells were exposed to solutions containing ACh/
ionomycin for the period indicated by the bar. Data are meaantof

(A) 4 (pixel value, 2093 + 187)B) 4 (pixel value, 2254 + 250), anc)

8 (pixel value, 2162 + 215) experiments.
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L
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E] 1uM ACh
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2 0.9
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C 1,001\4&%@%%#{
3
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Fig. 6. Cell shrinkage is inhibited by the €aactivated K channel
blocker, tetraethylammonium (TEA2 mm). ACh (A) and ionomycin

(B) were used to induce cell shrinkage in lacrimal acinar cells. Data are
mean =sem of 10 experiments ifA) and 5 experiments i{B). The
mean pixel value wagA) 2442 + 156; andB) 2415 + 241.

activated by other intracellular messendge(s) [Ca®"],
does have a role in determining cell volume, e.g., in-
creasing [C&']; with ACh or ionomycin causes cell
shrinkage (Fig. 5); (i) RVD is inhibited by G sug-
gesting that C& influx is necessary for volume regula-
tion.

A second explanation is that any swelling-induced
increases in [CH], may be localized close to the cell
membrane, so that they cannot be detected by Fura-2
which reports the [C&]from the entire cytoplasm. Evi-
dence for this explanation comes from studies of signal-
secretion coupling in pancreatic acinar cells (Osipchuk et
al., 1990). In these experiments, oscillations in the ac-
tivity of Ca®*-activated CI current could be recorded
electrophysiologically, without any observable changes

of RVD, and that other intracellular messengers may be

involved in the actual inhibition of RVD, e.g., leukot-
rienes, protein kinases and phosphatases (Hoffmann

number of reasons: (i) both the*Kand CI' channels
involved in RVD are known to be activated by an in-

Dunham, 1995). This, however, seems unlikely for a The only other factor known to activate the kind CI channels in

lacrimal acinar cells is an increase in intracellular pH (Park & Brown,
1994, 1995). However, preliminary experiments show that pH remains
constant during cell swelling (T. Speake & P.D. Browmpublished

crease in [C&];, and they have not been reported to beobservations
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in the Fura-2 fluorescence (Osipchuk et al., 1990). Sevage was inhibited by atropine (a muscarinic antagonist;
eral recent studies have used a derivative of Fura-2, FFRFig. 5B), and could be mimicked by ionomycin (a €a
18, to measure changes in fChlocalized at the plasma ionophore; Fig. B). This suggests that the decrease in
membrane (Etter, Kuhn & Fay, 1994; Vorndran, Minta & cell volume may occur as the result of a receptor-
Poenie, 1995; Davies & Hallett, 1996). However, we mediated increase in [€],.
were unable to test this hypothesis in this way, because Similar effects of secretagogues on cell volume have
the lacrimal gland acinar cells would not load with the been observed in other secretory epithelia, e.g., salivary
acetoxymethyl ester form of FFP-18 in preliminary ex- gland acinar cells (Foskett & Melvin, 1989; Steward &
periments (T. Speake and P.D. Browmpublished ob- Larcombe-McDouall, 1989: Nakahari et al., 1990), sweat
servation$. gland secretory coil cells (Takemura et al., 1991), and the
The final explanation for the absence of any swell-intestinal crypt cells (Walters et al., 1992). Simultaneous
ing-induced changes in Fura-2 fluorescence, could beneasurements of [C; and cell volume in salivary aci-
because the increase in [€Rh necessary for RVD is nar cells demonstrated that the initial cell shrinkage was
very smalf; and as such may be buffered by the Fura-2.due to CT efflux (Foskett et al., 1994), which presum-
This possibility was assessed by monitoring the volumeably occurs via C&-activated CI channels which are
of cells loaded with Fura-2. The RVD in Fura-2 loaded activated by the secretagogue. Whereas, Walters et al
cells was completely inhibited compared with control (1992) showed that the effects of vasoactive intestinal
cells (Fig. 3). Fura-2 has also been reported to inhibitpeptide on cell volume could be inhibited by the ClI
volume regulation in cells of the kidney proximal tubules channel blocker NPPB or by increasing the extracellular
(McCarty & O’Neil, 1990). The effects of buffering K™ activity, suggesting that both secretagogue-activated
changes in [C&], on RVD were further examined by CI~and K" channels contribute to the loss of cell volume.
loading the cells with the C4 chelator, BAPTA. RVD These data are therefore consistent with our own on
in the lacrimal cells was completely abolished by events in the lacrimal gland.
BAPTA (Fig. 3B), and this is consistent with data from It is not clear whether cell shrinkage has a specific
other epithelial cell types loaded with the chelatorrole in the process of secretion, or whether it is simply a
(Adorante & Cala, 1995; Fu, Kuwahara, & Marumo, consequence of channel activation. However, a previous
1995). study of volume regulation in lacrimal acinar cells has
In contrast to the absence of any recognizableshown that cell shrinkage, induced by hypertonic solu-
change in [C&"]; during hypotonic exposure, a large tions, results in the activation of the N&*-2CI™ co-
change in [C&"]; was observed with ACh and ionomycin transporter and NaH* and CI-HCOj; exchangers
(Fig. 4). These contrasting effects on fClacan simi-  (Douglas & Brown, 1996). These transporters are all
larly be related to the difference in magnitude of the cellthought to contribute to secretion in the lacrimal gland,
shrinkage observed under both conditions — with ACh/i.e., they mediate Cluptake across the basolateral mem-
ionomycin the decrease in cell volume was significantlybrane of the acinar cell. Secretagogue-induced cell
greater than the RVD observed during cell swellingshrinkage may therefore activate these pathways, anc

(compareFigs. 1 and 4). may be necessary in order to maintain secretion in the
To summarize, the data presented here support thiacrimal gland.
hypothesis that G4 has an important role in controlling In conclusion, the RVD in response to cell swelling

the RVD in lacrimal acinar cells. However, it is not was inhibited by maneuvers that either inhibitCantry
possible to measure an increase in {Qaduring cell  or buffer intracellular C&. Hypotonic shock did not
swelling, because of the technical limitations of the pres4increase [C&]; in Fura-2 loaded lacrimal cells as a result
ent fluorescent indicators in measuring small changes imf intracellular C&" buffering by Fura-2. In contrast,
[C&a?"]; which may also be localized to the plasma mem-ACh stimulation or ionomycin produced large changes in

brane. [C&a®"]; and an associated cell shrinkage. Cell shrinkage

was inhibited by TEA, an inhibitor of C&*-dependent
SECRETAGOGUEINDUCED VOLUME CHANGES — K+ channels. On the basis of these data, we SuggeSt tha
A PHYSIOLOGICAL ROLE FOR CELL SHRINKAGE intracellular C&" is involved in controlling cell volume

in lacrimal acinar cells.
Stimulation of lacrimal acinar cells with ACh resulted in
cell shrinkage (Fig. B). The ACh-induced cell shrink- References

Adorante, J.S., Cala, P.M. 1995. Mechanisms of regulatory volume
_— decrease in nonpigmented human ciliary epithelium cdlis. J.
5 An indication that the increase in [E%, may be small, is given by the Physiol.268:C721-C731
magnitude of the initial rate of the RVD (0.008/min), which is an order Berrie, C.P., Elliott, A.C. 1994. Activation of protein kinase C does not
of magnitude slower than that induced by ACh or ionomycin (0.09/  cause desensitization in rat and rabbit mandibular acinar cells.
min). Pfluegers Arch428:163-172



T. Speake et al.: Gdand RVD in Lacrimal Acinar Cells 291

Christensen, O. 1987. Mediation of cell volume regulation by*Ca McCarty, N.A., O'Neil, R.G. 1990. Dihydropyridine-sensitive cell vol-
influx through stretch-activated channelature 330:66—68 ume regulation in proximal tubule: the calcium windotm. J.
Cook, D.l., Wegman, E.A., Ishikawa, T., Poronnik, P., Allen, D.G., Physiol.259:F950-F960
Young, J.A. 1992. Tetraethylammonium blocks muscarinically McCarty, N.A., O'Neil, R.G. 1992. Calcium signaling in cell volume
evoked secretion in the sheep parotid gland by a mechanism addi- regulation.Physiol. Rev72:1037-1061
tional to its blockade of BK channelBfluegers Arch420:167-171 Nakahari, T., Murakami, M., Yoshida, H., Miyamoto, M., Sohma, Y.,
Davies, E.V., Hallett, M.B. 1996. Near r_nembram_aZCahanges re- Imai, Y. 1990. Decrease in rat submandibular acinar cell volume
sulting from store release in neutrophils: detection by FFPCHEH. during ACh stimulationAm. J. Physiol 258:G878-G886

Calcium. 19:355-362 _ __Osipchuk, Y.V., Wakui, M., Yule, D.I., Gallacher, D.V., Petersen, O.H.
Dougla_s, 1.J., Brown', P.D. 1996. Regulator)_/ volume increase in rat 1990. Cytoplasmic C4 oscillations evoked by receptor stimula-

‘Iacrlmal gland acinar cellsl. Membl_'ane B',0|150209_217 . tion, G-protein activation, internal application of inositol trisphos-
Elliott, A.C. 1994. Effects of cell swelling on intracellular calcium in phate or C&": simultaneous microfluorimetry and Eadependent

isolated rat lacrimal acinar cell3. Physiol.477:9P (Abstr) CI™ current recording in single pancreatic acinar ceisMBO J.
Etter, E.F., Kuhn, M.A,, Fay, F.S. 1994. Detection of changes in near- 9:697—-704

membrane C& concentration using a novel membrane-associated SN
Ct* indietor. . iol. Chem 2691014110149 T anneleare rwoled 1 egulatay vaume decrease 1 ciar
Foskett, J.K. 1990. [G4];, modulation of CI content controls cell . ou y )
A . . . . . cells isolated from the rat lacrimal gland. Membrane Biol.
volume in single salivary acinar cells during fluid secretiém. J. 141193201

Physiol.259:C998-C1004 )
Foskett, J.K. 1994. The role of calcium in the control of volume- Park, K.-P., Brown, P.D. 1994. Intracellular pH modulates ion channel
activity in lacrimal gland acinar cellslpn. J. Physiol44:S255—

regulatory transport pathwaytn: Cellular and Molecular Physiol-
ogy of Cell Volume Regulation. K. Strange, editor. CRC Press, NY S259
Foskett, J.K., Melvin, J.E. 1989. Activation of salivary secretion: cou- Park, K.-P., Brown, P.D. 1995. Intracellular pH modulates the activity
pling of cell volume and [C&], in single cells Science244:1582— of chloride channels in isolated lacrimal gland acinar céis. J.
1585 Physiol.268:C647-C650
Foskett, J.K., Wong, M.M.M. Sue-A-Quan, G., Robertson, M.A. 1994. Petersen, O.H. 1992. Stimulus-secretion coupling: cytoplasmic calcium
Isosmotic modulation of cell volume and intracellular ion activities signals and the control of ion channels in exocrine acinar célls.

during stimulation of single exocrine acinar cells. Exp. Zool. Physiol.448:1-51

268:104-110 Steward, M.C., Larcombe-McDouall, J. 1989. Absence of volume
Fu, W.J., Kuwahara, M., Marumo, F. 1995. Mechanisms of regulatory  regulation in acinar cells of isolated perfused rat mandibular gland.

volume decrease in collecting duct cellpn. J. Physiol45:97-109 J. Physiol.446:102P

Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new generation of Takemura, T., Sato, F., Saga, K., Susuki, Y., Sato, K. 1991. Intracel-
C&" indicators with greatly improved fluorescence propertis. lular ion concentrations and cell volume during cholinergic stimu-

Biol. Chem.260:3440-3450 lation of eccrine secretory coil cell§. Membrane Biol119:211—
Hoffmann, E.K., Dunham, P.B. 1995. Membrane mechanisms and in- 519

tracellular signalling in cell volume regulatiomnt. Rev. Cytol.
161:173-262

Kotera, T., Brown, P.D. 1993. Calcium-dependent chloride currents
activated by hypotonic stress in rat lacrimal gland acinar célls.
Membrane Biol134:67-74

Trautmann, A., Marty, A. 1984. Activation of Ca-dependent K chan-
nels by carbamylcholine in rat lacrimal gland&oc. Natl. Acad.
Sci. USA81:611-615

Vorndran, C., Minta, A., Poenie, M. 1995. New fluorescent calcium

Kwan, C.Y., Takemura, H., Obie, J.F., Thastrup, O., Putney, J.W., Jr indicators designed for cytosolic retention or measuring calcium

1990. Effects of MeCh, thapsigargin, and®Lan plasmalemmal near membra‘ne;ﬁlophys. 169:2112-2124
and intracellular C¥ transport in lacrimal acinar cellsam. J.  Walters, R.J., O'Brien, J.A., Valverde, M.A., Sepulveda, F.V. 1992.

Physiol. 258:C1006-C1015 Membrane conductance and cell volume changes evoked by vaso-
Lechleiter, J.D., Dartt, D.A., Brehm, P. 1988. Vasoactive intestinal active intestinal polypeptide and carbachol in small intestinal
peptide activates Cadependent K channels through a cAMP crypts. Pfluegers Arch421:598-605
pathway in mouse lacrimal cellsleuron1:227—235 Yang, X.C., Sachs, F. 1989. Block of stretch-activated ion channels in
Marty, A. 1987. Control of ionic currents and fluid secretion by mus- ~ Xenopusoocytes by gadolinium and calcium ionScience
carinic agonists in exocrine glandBends Neurosci10:373-377 243:1068-1071
Marty, A., Tan, Y.P. 1989. The initiation of calcium release following Yodozawa, S., Speake, T., Elliott, A.C. 1997. Intracellular alkaliniza-
muscarinic stimulation in rat lacrimal glands.Physiol.419:665— tion mobilizes calcium from agonist-sensitive pools in rat lacrimal

687 acinar cellsJ. Physiol.499:601-611



