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Summary. This study examines the effect of membrane potential 
on divalent cation entry in dispersed parotid acini following stimu- 
lation by the muscarinic agonist, carbachol, and during refill of 
the agonist-sensitive internal Ca 2+ pool. Depolarizing conditions 
(addition of gramicidin to cells in Na*-containing medium or 
incubation of cells in medium with elevated [K+]) prevent carba- 
chol-stimulated hyperpolarization of acini and also inhibit carba- 
chol activation of Ca -,+ and Mn 2+ entry into these cells. Condi- 
tions promoting hyperpolarization (cells in medium with Na + or 
with N-methyl-D-glucamine instead of Na +) enhance carbachol 
stimulation of divalent cation entry. Intracellular Ca 2" release 
(initial increase in [Ca2+]i) does not appear to be affected by these 
manipulations. Mn 2+ entry into resting and internal Ca :+ pool- 
depleted cells (10-rain carbachol stimulation in a CaZ+-free me- 
dium) is similarly affected by membrane potential modulations, 
and refill of the internal pool by Ca 2+ is inhibited by depolariza- 
tion. The inhibitory effects of depolarization on divalent cation 
entry can be overcome by increasing extracellular [Ca 2+] or 
[Mn2+]. These data demonstrate that the modulation of Ca 2+ 
entry into parotid acini by membrane potential is most likely due 
to effects on the electrochemical gradient (E m - Ec~) for Ca 2. 
entry. 
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Introduction 

The regulat ion of  fluid and e lec t ro lyte  secret ion in 
the rat paro t id  gland by  ca lc ium-mobi l iz ing agonists  
is media ted  via changes  in the cy toso l ic  [Ca 2+] 
([Ca2+]i). Such  agonis ts  st imulate a biphasic in- 
c rease  in [Ca2+]~; an initial rapid,  t ransient  increase 
due to intracel lular  Ca 2+ release,  fol lowed by a 
lower,  sus ta ined e levat ion primari ly due to Ca 2+ 
ent ry  [4, 22, 24]. There  is cons iderable  ev idence  to 
suggest  that  intracel lular  release o f  Ca 2+ is media ted  
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by inositol 1,4,5, t r i sphosphate .  H o w e v e r ,  in the 
parotid and o ther  exocr ine  gland cells, as well as in 
a number  o f  nonexci tab le  cells, the events  involved  
in the act ivat ion o f  Ca 2+ ent ry  are not  yet  fully un- 
ders tood.  Pu tney  [27, 28] has p r o p o s e d  that  Ca 2+ 
ent ry  is a " capac i t a t i ve  p r o c e s s , "  which  is regula ted 
by the deplet ion of  the internal Ca 2+ pool.  This the- 
o ry  has been  suppor ted  by  studies repor ted  f rom 
several  laborator ies  [9, 16, 17], including ours  [14, 
15], which  together  show that  deple t ion o f  the inter- 
nal Ca 2+ pool  st imulates divalent  ca t ion influx while,  
reciprocal ly ,  its refill inact ivates  divalent  ca t ion en- 
try. The mechanism(s)  mediat ing Ca 2+ influx at the 
p lasma m e m b r a n e  and the fac tors  involved  in this 
apparen t  capaci ta t ive  regulat ion have  not  yet  been  
resolved.  

In addit ion to the [Ca2+] i mobi l iza t ion response ,  
neu roho rmona l  s t imulat ion o f  exocr ine  cells such as 
the parot id  acinar  cell, induces  a n u m b e r  o f  o ther  
responses  (e.g., changes  in p lasma m e m b r a n e  poten-  
tial (hyperpolar iza t ion)  [6, 18, 22], cy toso l i c  p H  
(mild alkalinization) [12], and cell vo lume  (shrink- 
age) [7]). These  responses  are co inc ident  with ago- 
nist-st imulated changes  in [Ca2+] i. Based  on  data  
obta ined with o ther  cell types  [8, 26, 29], it is con-  
ceivable that such responses  could  affect  Ca z+ mobi-  
lization events  in the parot id  ac inar  cell. F o r  exam-  
ple, several  recent  studies have  shown  that  the 
p lasma m e m b r a n e  potent ial  in nonexc i tab le  cells 
may  have a role in [Ca2+]i homeos tas i s  [1, 20, 23, 
29]. Also,  it has been  suggested  that  in endothel ial  
cells Ca 2+ influx is related to the Ca 2+ e lec t rochemi-  
cal gradient  across  the p lasma  m e m b r a n e  [11]. While 
it is widely accep ted  that  Ca 2+ en t ry  in the parot id  
and other  exocr ine  cells is not  media ted  via vol tage  
(depolar izat ion)-gated channels ,  the available da ta  
do not  rule out  the possibi l i ty that  Ca 2+ en t ry  in 
these cells could be vol tage regulated.  Al te rna t ive ly ,  
Ca 2+ ent ry  could be dependen t  on the e lec t rochemi-  
cal gradient ,  in which  case  changes  in e i ther  the 
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membrane potential or the inwardly directed Ca 2+ 
gradient could modulate Ca 2+ entry. Previous to this 
report, there are no data which directly demonstrate 
the effects of membrane potential modulations on 
divalent cation entry in parotid acini. Although, as 
noted above, such effects have been proposed in 
other cell types, the mechanism by which alterations 
in the membrane potential affect Ca 2+ entry in these 
cells has not yet been established. 

We have examined the influence of membrane 
potential changes on divalent cation entry into par- 
otid acini under various conditions: resting, upon 
carbachol stimulation, after internal Ca 2+ pool 
depletion, and during refill of the internal Ca 2+ pool. 
The data demonstrate that carbachol activation of 
Ca 2 + and Mn 2 + entry into parotid acinar cells cannot 
be detected when the cells are in a depolarized state. 
Further, the depolarizing conditions also decrease 
divalent cation entry into Ca2+-depleted cells, and 
consequently, refill of the internal agonist-sensitive 
Ca 2+ pool. Importantly, we show that the decrease 
in Ca 2+ entry by depolarization can be overcome by 
increasing the inwardly directed gradient of Ca 2+. 
Earlier studies from our laboratory [15] have shown 
that an increase in the inwardly directed Ca 2+ gradi- 
ent augments Ca 2 + entry in parotid acini. Together 
these data are consistent with a transport mechanism 
where Ca 2 + influx is driven by the electrochemical 
gradient for Ca 2+ entry. 

fluorimeter with the excitation and emission band passes adjusted 
to 4 nm. Before each assay the cells were gently pelleted at 
400 • g and resuspended in fresh medium (specified for each 
experiment, see  the text and figure legends). For each assay 1.5 
ml of cells were gently stirred in a cuvette maintained at 37~ 
Excitation and emission wavelengths were 340 and 510 nm or 
363 and 510 nm, as specified. The Ca2--insensitive excitation 
wavelength was 363 nm [14]. In each figure representative fluo- 
rescence traces are shown without data manipulation. As indi- 
cated in the legends, either Fm~ x or resting Fura-2 fluorescence 
was set as 100%. The data are representative of results obtained 
with at least five different cell preparations. [Ca2+]~ was calculated 
as described earlier [3]. Mn 2" entry has been expressed in terms 
of relative rate of Fura-2 quenching during the first 60 sec, deter- 
mined as described previously [14]. Where indicated, data were 
analyzed for statistical significance using the Student's t test. 

Membrane potential in acini was assessed by measuring 
DiBAC4(3) fluorescence using the SLM 8000 spectrofluorimeter 
with excitation and emission at 495 and 525 nm, respectively. 
Two-/xM dye was added to 2 ml of cells in a cuvette maintained 
at 37~ About 10 min were required for the dye to equilibrate. 
Membrane potential has been expressed as arbitrary units with 
an increase in signal representing depolarization and a decrease in 
signal representing hyperpolarization. To determine the relative 
membrane potential in the various media used (as indicated), cells 
were preincubated with 2-/xM dye in HBSS medium for 10 min at 
37~ Thereafter, the cells were pelleted at 400 • g. Two ml of 
the required medium with 2-/xM dye was then added to the pellet, 
and the cells were resuspended in the cuvette immediately before 
fluorescence measurements were started. 

Results 

Materials and Methods 

The animals used in this study were male Wistar rats (Harlan 
Sprague-Dawley) with an average weight of 200-300 g. The rats 

were caged in temperature-controlled, independently ventilated 
enclosures and allowed chow (NIH Purina) and water ad l ibi tum. 

Collagenase (CLSPA; specific activity 300 U/mg) was purchased 
from Cooper Biochemical. Carbamylcholine chloride (carba- 
chol), atropine sulphate, hyaluronidase (Type 11), bovine serum 
albumin (BSA), and lima bean trypsin inhibitor (type 1 l-L) were 
from Sigma Chemical. Fura-2/AM was obtained from Calbiochem 
and stored at -70~ as a 5-mM solution in dimethylsulfoxide. 
Bis-l,3-dibutylbarbituric acid trimethineoxonol, DiBaC4(3), was 
obtained from Molecular Probes. Ca -,+ and Mg2+-free Hanks' 
balanced salt solution (HBSS) was purchased from GIBCO. All 
other reagents were of the highest chemical grade available. 

Rats were killed between 0900-1200 hr by cardiac puncture 
following ether anesthesia. Enzymatically dispersed acini were 
prepared as described [3] using collagenase and hyaluronidase in 
the HBSS buffered with HEPES (33 raM, pH 7.4) containing 1.28 
mM CaCI.,, 0.81 mM MgSO4, and 0.01% BSA (HBSS medium). 
This medium was used in all subsequent procedures. After disper- 
sion the cells were washed and resuspended in the same medium 
with lima bean trypsin inhibitor (2 rag/10 ml). Fura-2/AM (2 b~M) 
was added and the cells were incubated for 45 rain at 30~ 
following which they were washed and kept at 30~ until use with 
gassing every 20 rain (95% 02/5% CO2). 

Fura-2 fluorescence was measured in an SLM 8000 spectro- 

Figure I shows representative [CaZ+] i changes in- 
duced by carbachol (10/ZM) stimulation of acini sus- 
pended in three different media which either contain 
1.28 mM Ca :+ or are nominally Ca 2+ free (no added 
Ca2+). We have used Na+-containing HBSS medium 
(HBSS, Fig. 1A), HBSS medium with 50 mM KCI 
added 10 sec before the agonist (HBSS + KC1 or 
K medium, Fig. 1B), or HBSS medium with Na § 
replaced by the impermeant cation N-methyl-D-glu- 
camine (NMDG, Fig. 1C). Resting and peak [Ca2+]i 
following stimulation with carbachol in the various 
media are shown in the Table. Resting [Ca2+]i of 
parotid acini in either Ca2+-containing or CaZ+-free 
K medium, or in CaZ+-free HBSS medium are not 
significantly different from that in cells in Ca 2 +-con- 
taining HBSS medium (178 -+ 17 riM). However, 
resting [Ca2+] i in parotid acini suspended in Ca 2+- 
containing NMDG medium (231 -+ 18 riM) is signifi- 
cantly different (P < 0.05) from that in Ca2+-con - 
taining HBSS medium, while in Ca2+-free NMDG 
medium it is not. Peak [Ca2+]i in all the media are 
similar to that in Ca2+-containing HBSS (420 -+ 44 
nM), except for that in CaZ+-containing NMDG me- 
dium (535 -+ 19 riM), which is -27% higher (P < 
0.05). However, the change in [Ca2+]i upon stimula- 
tion (i.e., peak minus resting) in the Ca2+-containing 
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Fig. 1. Effects  of  ionic composi t ion of the extracellular medium on carbachol- induced [Ca2*]i mobilization in dispersed rat parotid 
acini. Enzymat ical ly  dispersed rat parotid acini were loaded with Fura-2 as described in the exper imental  procedures  section. Fura-2 
f luorescence was measured  (with excitation at 340 nm) in cells suspended in HBSS medium (A), HBSS medium with 50 mM KC1 added 
30 sec prior to carbachol (HBSS + KCl) (B), and in NMDG medium (C) (details of  these  media are given in the text). Representa t ive  
changes  in fura-2 f luorescence in Ca2+-containing and Ca2+-free media are shown.  Additions of 10 /xM carbachol are indicated by 
arrows.  See the Table for additional data. 

Table. Effect of  the ionic composi t ion of the extracellular medium on carbachol-st imulated [Ca2-]i increase in rat parotid acini 

{Ca2+]i (riM) 

HBSS K N M D G  
Medium 
Ca 2+ + - + - + - 

(n) (7) (7) (9) (8) (6) (4) 
Rest ing 178 • 17 161 +_ 18 189 • 12 170 _+ 12 231 +_ 19 a 197 _+ 80 
Stimulated 420 + 44 362 • 22 381 +- 13 416 • 34 535 _+ 19 b 483 • 28 

These  data have  been calculated from exper iments  similar to those shown in Fig. 1. In each case resting [Ca2+]/and peak [Ca2+]i (6 
sec after agonist  addition) were calculated. 

Value significantly different (P < 0.05) f rom resting [Ca 2+] in HBSS + Ca 2. medium.  
b Value significantly different (P < 0.05) f rom peak [Ca2-],. in HBSS Ca 2+ medium. 
All other  rest ing [Ca2+]i values are not significantly different from that in HBSS + Ca 2+, and all other  peak [Ca2"]i values are not 
different f rom that  in HBSS + Ca 2+ medium.  
The numbers  in parentheses  indicate the number  of  exper iments  in each condition. 

NMDG medium (304 _+ 30 nM), though on average 
higher than that in the Ca2+-containing HBSS me- 
dium (242 _+ 36 nM), is not statistically different. In 
all cases [Ca2+]i increases are 2.3-fold over resting. 
These data indicate that intracellutar Ca 2" release, 
which is associated with agonist-stimulated inositol 
trisphosphate generation, is apparently not affected 
by introducing parotid acini to different media. 

The sustained elevation in [Ca2+]i, which fol- 
lows the initial peak elevation in [Ca2+] i and is de- 
pendent on extracellular Ca 2+ [13, 15] is, however, 
affected by the manipulations in the extracellular 
medium described above. As shown in Fig. 1, the 
sustained elevation of [Ca2+]~ in cells suspended in 
Ca2+-containing HBSS medium is attenuated in 
Ca2+-containing K medium (Fig. 1B), but not in 
Ca2---containing NMDG medium (Fig. 1C). In fact, 

the pattern of [Ca2+]i changes in Ca2+-containing K 
medium cannot be distinguished from that in nomi- 
nally Ca2+-free K medium. In the Ca2+-free HBSS 
medium and NMDG medium the duration of the 
[Ca2+]i increase is markedly decreased (Figs. 1A and 
C). These data suggest that Ca 2+ entry is inhibited 
in the K medium and are consistent with an earlier 
report by Merritt and Rink [13] which showed that 
substitution of Na" with K" in the extracellular 
medium attenuated the extracellular Ca2+-depen - 
dent phase of the [Ca2+]i response but did not appear 
to change the peak [Ca 2 + ]i increase due to intracellu- 
Jar release. However, that study did not clarify 
whether the attenuation of the sustained [Ca2+]i in- 
crease was a result of a change in membrane poten- 
tial or, as suggested by the authors, a more direct 
effect on the plasmalemmal influx mechanism ex- 
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Fig. 2. Effect of  the ionic composi t ion of the extracellular medium on carbachol st imulation of Mn 2- entry in parotid acini. All 
experimental  condit ions were similar to those described for Fig. 1: HBSS medium (A); K medium (HBSS + KCI) (B); N M D G  medium 
(C). Fura-2 f luorescence was measured  with Ca2+-insensitive excitation wavelength.  Mn 2+ (50 txM) and carbachol  (Carb) (10 b~M) were 
added at the t imes indicated by arrows to cells in Ca2"-free media. Where  indicated 100 nM atropine (Atr) was added 30 sec before 
carbachol.  F luorescence  is expressed  as arbitrary units relative to the initial f luorescence before Mn 2+ addition. Rates  of  Fura-2 
quenching in the various condit ions were calculated based on the initial decrease in Fura-2 f luorescence after carbachol  addition. The 
values (mean -+ SEM, in U/sec)  obtained from three exper iments  are as follows: Basal (HBSS) -0 .091  -+ 0.001, Carb (HBSS) - 0 . 1 6 8  
-+ 0.01, Basal (NMDG) -0 .131  +- 0.001, Carb (NMDG) - 0 . 2 4  -+ 0.005, Basal (KC1) -0 .073  -+ 0.005, and Carb (KCI) - 0 . 0 8 8  + 0.02. 

erted by the high external [K+]. Additionally, such 
changes could also be induced by membrane poten- 
tial effects on other parotid cell Ca2+-transport sys- 
tems, e.g., Ca-ATPases in the basolateral plasma 
membrane and in the endoplasmic reticulum which 
appear to be sensitive to changes in membrane po- 
tential [2, 5]. The experiments described below ad- 
dress these possibilities. 

To assess directly whether the effects (described 
above) of different media on [Ca 2 + ]i changes are due 
to effects on Ca 2+ entry, we have examined the entry 
of Mn 2+ into parotid acini under conditions similar 
to those described in Fig. 1. We have previously 
demonstrated that Mn 2+ can enter parotid acini in 
response to stimulation by Ca2+-mobilizing agonists 
and that, like Ca 2+ , its entry is regulated by the refill 
status of the internal Ca 2+ pool [14]. Therefore, as 
in a number of other cell types, Mn 2+ can be used 
as a Ca 2+ surrogate to investigate mechanisms of 
Ca 2+ influx in parotid acinar cells. The data in Fig. 
2 show that with cells in nominally Ca2+-free HBSS 
medium (Fig. 2A), carbachol stimulates Mn 2+ entry, 
which can be seen as a 1.8-fold enhancement in the 
Fura-2 quench rate (see legend). We have used the 
relative rates of Fura-2 quenching as a basis for 
comparing Mn 2+ entry into cells in the different me- 
dia, and the values obtained from the various experi- 
ments are given in the figure legend. With cells sus- 

pended in nominally Ca2+-free K medium (Fig. 2B), 
carbachol enhancement in Fura-2 quench rate is not 
observed, while in cells in nominally Ca2+-free 
NMDG medium (Fig. 2C) the quench rate is higher 
(-42%) than that in HBSS medium. The Fura-2 
quench rate due to Mn 2+ entry into unstimulated 
cells (100 nM atropine added 30 sec before carbachol) 
is also higher in the NMDG (-40%) and lower in the 
K medium (-20%) as compared to that in HBSS 
medium. However, the difference between Fura-2 
quenching in carbachol-stimulated cells suspended 
in NMDG medium and HBSS medium is greater 
than the difference between Fura-2 quenching in 
unstimulated cells in the same media. Thus the in- 
creased Mn 2+ entry into carbachol-stimulated cells 
in the NMDG medium cannot be solely accounted 
for by the increase in Mn 2+ entry into unstimulated 
cells due to the hyperpolarizing medium. 

Membrane potential was assessed in cells under 
conditions similar to those described above using 
the fluorescent dye DiBAC4(3), and the data are 
shown in Fig. 3. Following carbachol stimulation in 
normal HBSS medium (Fig. 3A, solid line), cells 
hyperpolarize relative to their resting potential (flu- 
orescence decrease). This hyperpolarization can be 
prevented by the prior addition of atropine (dotted 
line). When 50 mM KC1 is added to the medium, the 
cells depolarize (Fig. 3B), i.e., fluorescence in- 
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Fig. 3. Effect of ionic composition of extracellular medium on carbachol-stimulated membrane potential changes in dispersed parotid 
acini. Membrane potential was assessed by measuring the fluorescence of DiBAC4(3) as described in the Materials and Methods 
section. Dye (2 txM) was added to 2 ml of cells gently stirred in a cuvette. The fluorescence increases gradually as the dye equilibrates 
in the cell (about 10 rain); this is not shown. Additions: 100 nM atropine (Atr), 10/zM carbachol (C), and 50 mM KC1 (KCI) are indicated 
by arrows. Cells were suspended in Ca:+-containing HBSS medium (A and B). In the traces shown in C the cells were first incubated 
with 2-/xM dye in Ca2+-containing HBSS medium for 10 min for dye equilibration, after which they were washed and resuspended in 
the indicated medium (NMDG or HBSS) containing 2-ffM dye immediately prior to fluorescence measurements. 

creases relative to the resting potential. No fluores- 
cence change is seen if the same concentration of 
NaCI, NMDG or Tris are added instead of KC1 (not 
shown). When carbachol is added after the KC1- 
induced depolarization, the hyperpolarization typi- 
cally induced in HBSS medium is not observed, and 
the rate of depolarization is further increased. When 
cells are resuspended in the NMDG medium (Fig. 
3C) there is an initial decrease in the fluorescence, 
indicating a hyperpolarization without carbachol 
stimulation. The quenching rate of the dye is further 
increased when carbachol is added to cells in this 
medium as compared to cells in the HBSS medium. 
It should be noted that addition of 50 ~M Mn 2+ to 
the medium does not directly alter the fluorescence 
of the dye or change the pattern of carbachot stimula- 
tion of membrane hyperpolarization (not shown). 

Our earlier studies have shown that Mn 2+ entry 
into Ca 2+ pool-depleted cells is not altered by the 
addition of atropine [14], and a similar observation 
has been reported earlier by Takemura and Putney 
[28] for Ca 2 + entry. Therefore, divalent cation entry 
into Ca 2+ pool-depleted acini appears to be indepen- 
dent of receptor stimulation and the relatively short- 
lived known products of phosphatidylinositol 4,5- 
bisphosphate hydrolysis. We have examined the ef- 
fects of membrane potential on Mn 2+ entry into in- 
ternal Ca 2-- pool-depleted cells and these studies 
(see below) rule out effects of membrane potential on 
receptor occupation. Also, since intracellular Ca 2§ 

pools are empty in this case, direct effects of mem- 
brane potential on the intracellular Ca 2+ release pro- 
cess, which would secondarily affect Ca 2+ entry (by 
capacitative regulation) can be excluded. 

The effects of membrane potential modulations 
on Mn 2+ entry into Ca 2+ pool-depleted cells are simi- 
lar to those seen upon carbachol stimulation. Cells 
were depleted of internal Ca 2+ by stimulation with 
10/XM carbachol for 10 min in nominally Ca2+-free 
medium. The rate of Fura-2 quenching, due to Mn 2+ 
entry, in such pool-depleted cells suspended in 
Ca2+-free HBSS medium (shown as a dashed line in 
Fig. 4A and solid trace in Fig. 4B), is significantly 
enhanced (-1.8-fold over basal, P < 0.005 by Stu- 
dent's t test, see figure legend for the relative rates of 
Fura-2 quenching) compared to that in unstimulated 
cells. When pool-depleted cells are suspended in K 
medium (in this case all the Na + was replaced by 
K +) Mn 2+ entry is not significantly different from 
that in unstimulated cells (Fig. 4A). On the other 
hand, when cells are suspended in NMDG medium, 
Mn 2+ entry is significantly greater (23%, P < 0.025, 
Student's t test) than in HBSS medium (Fig. 4B). To 
further assess the effects of increased extracellular 
[K § on divalent cation influx into parotid acini, we 
have examined Mn 2§ entry at different concentra- 
tions of extracellular Na + (Na + in the HBSS me- 
dium was replaced by K+), and the data are shown 
in Fig. 5. Fura-2 quench rate, due to Mn 2+ entry into 
internal Ca 2+ pool-depleted cells is linearly altered 
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Fig. 4. Effect of  membrane  potential on Mn 2+ entry in Ca 2+ pool-depleted acini. Dispersed rat parotid acini were washed  and 
resuspended  in Ca2+-free HBSS medium and st imulated with 10/J~M carbachol for 10 min after which the Ca 2+ pool-depleted cells (Ca 2" 
pool depl.) were washed  and resuspended  in the CaZ+-free medium indicated, HBSS (HBSS medium),  KC1 (HBSS with NaCI replaced 
by KC1), N M D G  (HBSS with NaC1 replaced by NMDGC1) and 100 nM atropine was added. Mn 2+ (50/~M) was added where  indicated 
in all the traces.  Gramicidin (10/xM) was added to the cells before Mn 2+ in the traces indicated. Fura-2 f luorescence was measu red  
with 363-nm excitation. Rates  of  Fura-2 quenching were calculated based on the initial decrease in Fura-2 f luorescence after Mn 2+ 
addition. The values obtained (mean +- SEM, the number  of  exper iments  in each case is indicated in parentheses)  in U/sec  are as follows: 
Basal (HBSS) -0.158 -+ 0.001 (6), Ca 2+ pool depl. (HBSS) - 0 . 2 8 6  -+ 0.017 (7), Ca 2+ pool depl. (KCI) -0.157 _+ 0.001 (4), CJ  + pool 
depl. (NMDG) - 0 . 3 5 4  -+ 0.002 (3), Ca2+ pooldepl. (NMDG + gram) 0.402 -+ 0.001 (4),andCa2+ pooldepl. (HBSS + gram) - 0 . 1 6 4  
-+ 0.015 (5). The difference in the rates of  basal Fura-2 quench in the basal condition (HBSS) calculated here and in Fig. 2 should be 
noted. This is likely due to the nonlinearity of  Fura-2 fluorescence as intracellular [Mn 2+] increases  with time due to pass ive Mn 2. 
influx. The rates given here agree well with our previously reported values (see reference [14]). 

as a function of the log of extracellular [K+]. These 
data are consistent with an earlier report showing a 
linear relationship between membrane potential and 
extracellular [K + ] [ 19]. We have observed that, con- 
versely, when Na § in the medium is substituted with 
increasing concentrations o f N M D G  + , there is a cor- 
responding increase in Mn 2§ entry (data not shown), 
with the highest rates obtained in the medium where 
all the Na § is substituted by NMDG § (Fig. 4B). As 
shown in Fig. 3 C, parotid acinar cells are hyperpo- 
larized to a greater degree in this medium than in the 
HBSS medium. When gramicidin is added to Ca 2+ 
pool-depleted cells in the NMDG medium the cells 
can be expected to hyperpolarize further. Under 
these conditions (Fig. 4B), Mn 2+ entry is greater 
than that in the NMDG medium without gramicidin. 
In contrast,  addition of gramicidin to cells in HBSS 
medium results in the inhibition of Mn 2+ entry to 
levels not greater than that observed in Ca2+-de - 
pleted cells in K medium or in basal cells in HBSS 

medium. In the HBSS medium gramicidin will facili- 
tate the entry of Na § into the cells, resulting in 
depolarization. This latter observation further sup- 
ports our suggestion that depolarization due to high 
external [K§ and not direct effects of  external 
[K+], accounts for the inhibition of Mn 2+, or Ca 2+ , 
entry into parotid acini which is observed in a high 
K + medium as described above and by Merritt  and 
Rink [13]. 

It is also important to consider the effects on 
Ca 2§ (Mn 2+) entry of changes in intracellular pH 
(pHi), which may be induced by inhibition of  the 
Na+/H § exchanger as a result of  varying extracellu- 
lar [Na § in the different media used to manipulate 
the membrane potential. Both the NMDG and K 
media would be expected to induce acidification of 
the cytosol. Measurements of pH i showed that the 
pattern of pH i in cells incubated in either media are 
similar (data not shown) and very slight acidification 
(<0.1 units compared to control cells in HBSS me- 
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Fig. S. Effect of substituting extracellular Na" with varying con- 
centrations of K- on Mn'- + entry into Ca 2 +-depleted parotid acini. 
Experimental conditions were similar to those described in Fig. 
4. The Na + in HBSS medium (147 mM) was isosmoticalty substi- 
tuted with K-. Relative rates of initial Fura-2 quenching after the 
addition of 50/zM Mn 2- were determined as described for Fig. 4. 
The data shown were obtained from 3-5 experiments. Linear 
regression of these values gave a correlation coefficient of 0.984. 

dium) is seen in either case. However ,  these two 
conditions induce opposi te  effects on divalent cation 
entry;  K medium inhibits, while N M D G  medium 
stimulates entry. Thus we can suggest that alter- 
ations in pHi do not account  for the observed 
changes in [Ca2+]i mobilization. The inhibition of 
divalent cation entry observed  in the presence of 
gramicidin and by KC1 addition in the presence 
of extracellular Na  + also rules out possible effects 
of  pH i . 

Several  studies demonst ra te  that Ca 2+ entry into 
Ca 2+ pool-depleted cells, following termination of 
receptor  act ivat ion by the addition of the antagonist,  
leads to the refill of  the intracellular Ca 2+ pools [10, 
13, 14, 16, 24]. Since [Ca2+]i increase due to Ca 2+ 
entry during refill of  the internal pool is very tran- 
sient, Ca 2t entry under  these conditions can be mon- 
itored by assessing the extent  of  refill of  the internal 
agonist-sensit ive Ca 2+ pool. In Fig. 6 we show the 
effect of  depolarizing conditions on the extent of  
refill of  the internal Ca 2 + pool. Cells were stimulated 
with carbachol  for 10 min in Ca2+-free HBSS me- 
dium and then resuspended in either Ca2+-free K 
medium (Fig. 6B) or in Ca2+-free HBSS medium 
(Fig. 6A) with atropine for 5 min. The cells depolar- 
ized during this incubation in the Ca2+-free K me- 
dium (fluorescence trace not shown). Following this, 
1.28 mM Ca 2+ was added to both media and 5 min 
later epinephrine was added. The [Ca2+]i response 
to epinephrine (which indicates the extent  of  refill) 
was greatly blunted in cells allowed to refill in the K 
medium as compared  to that in cells incubated in 

HBSS. Thus,  conditions which retard Ca 2+ and 
Mn 2+ entry into the cytosol ,  consequent ly ,  also re- 
tard the refill of  the internal Ca 2+ pool. It  should also 
be noted that the transient [Ca2+]i increase,  seen 
when Ca 2+ is reintroduced into Ca2+-depleted cells 
[28], is much slower in cells suspended in the K 
medium. This agrees well with the inhibitory effect 
of  depolarizing conditions on Mn 2+ entry in Ca 2+- 
depleted cells (shown in Fig. 4). These data also 
show that depolarizat ion decreases  but does not in- 
hibit Ca 2+ entry. 

In the exper iments  shown in Figs. 7 and 8 we 
have assessed whether  the decrease  in divalent cat- 
ion influx induced by depolarizat ion is due to a direct 
effect on the t ransport  mechanism or due to changes 
in the electrochemical  gradient for Ca 2+ entry.  In an 
earlier report  [15] we had demonst ra ted  that Ca 2+ 
entry into rat parotid acini is a Ca 2+ gradient-respon- 
sive process,  i.e., greater  entry at higher extracellu- 
lar [Ca2t]. In Fig. 7A, the ceils were subjected to 
K + depolarization (as in the exper iments  described 
above) but in the presence  of  elevated extracellular  
Ca 2+ (10 mM). Carbachol  stimulation of acini sus- 
pended in this medium leads to a sustained elevation 
of [Ca2+]i in contrast  to the a t tenuated response  ob- 
served in normal Ca 2+ (1.28 mM) containing K me- 
dium (shown in Fig. 1B). We have also examined 
whether  the increase in Ca 2+ entry seen in Fig. 7A 
can result in refill of  the internal Ca 2+ pool which, 
otherwise,  is at tenuated by these depolarizat ion con- 
ditions. As shown in Fig. 7B, this elevat ion in extra- 
cellular [Ca 2+ ] also reverses  the at tenuat ion of  refill 
of  the internal Ca 2+ pools seen in the 1.28-mM Ca 2+- 
containing K medium. Figure 7B shows the effect of  
extracellular [Ca 2+] during refill of  the internal Ca 2+ 
pool in HBSS and K medium. The data clearly dem- 
onstrate that with increasing concentrat ions of  ex- 
tracellular [Ca +] the efficiency of refill in the K me- 
dium is increased and at 10 mm Ca 2+ it is not 
significantly different f rom that in cells in the HBSS 
medium. We suggest that the apparent  inhibition of 
internal Ca 2+ pool refill by depolarizing conditions 
is not due to direct effects on the refill process  but 
as a result of  retardation of Ca 2+ entry f rom the 
extracellular medium into the cytosol.  

In Fig. 8A we have shown that a high K medium 
fully retards the entry of  Mn 2+ into Ca2+-depleted 
parotid acini, when the extracellular concentra t ion 
of Mn 2+ is 50 /ZM. When extracellular [Mn 2+] is 
increased fourfold to 200/ ,m,  the same K + depolar-  
ization medium only partially retards Mn 2+ entry 
(Fig. 8B). With 200 /ZM Mn 2+ in the extracellular  
medium the basal rate of  entry is also higher than 
that seen with 50/XM Mn 2+. The results f rom these 
experiments  demonst ra te  that the extent  of  inhibi- 
tion of divalent cation entry by depolarizat ion de- 
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Fig. 6. Effect of  K + depolarization on Ca 2- entry during refill of  the internal Ca 2. pool. Cells were depleted of internal Ca 2+ pool as 
described for Fig. 4. Following this, cells were washed and resuspended in either Ca2+-free HBSS medium (A) or Ca2+-free K med ium 
(B, HBSS with all Na"  replaced with K D  for 5 rain with 10/xM atropine. Ca 2+ (1.28 raM) was subsequent ly  added (as indicated), and 
the cells were further  incubated for 5 rain as shown.  Epinephrine,  Epi, (10 txM) was then added as indicated. Fura-2 f luorescence was 
measured  with excitation at 340 nm. 

pends upon the extracellular concentration of diva- 
lent cation. This suggests that the chemical gradient 
of the divalent cation can influence the inhibitory 
effects of depolarization on divalent cation entry in 
parotid acinar cells. 

D i s c u s s i o n  

The results presented above show that the rate of 
Ca R+ and Mn 2§ entry into unstimulated and agonist- 
stimulated parotid acini can be altered by conditions 
which change the membrane potential (i.e., alter- 
ation of monovalent cation composition of the extra- 
cellular medium or addition of the monovalent cation 
ionophore, gramicidin). These data demonstrate that 
divalent cation entry into rat parotid acinar cells is 
modulated by membrane potential. Such changes in 
the membrane potential could modulate Ca 2+ entry 
either by altering the electrochemical gradient for 
Ca 2 + entry or by voltage regulation of the Ca 2 + influx 
mechanism p e r  se .  We have shown that the inhibi- 

tory effects of depolarization on divalent cation en- 
try can be overcome by increasing the extracellular 
concentration of the divalent cation. This observa- 
tion strongly indicates that depolarization does not 
inactivate the Ca 2+ influx mechanism. Thus, al- 
though we cannot presently rule out direct voltage 
regulation of the Ca 2+ influx mechanism, we can 
suggest that Ca 2+ influx in parotid acini involves a 
transfer of charge and is related to the electrochemi- 
cal gradient (E,, - Eta) for Ca 2+ entry. 

Several earlier reports support the proposal that 
following agonist stimulation of parotid acini the 
depletion of the internal Ca 2+ pool stimulates Ca 2+ 
entry (by capacitative regulation) [9, 14, 27, 28]. 
The data reported by us earlier agree well with this 
proposal [14], while our present data suggest that in 
addition, the activation of Ca 2+ entry by carbachol 
can be modulated by changes in the membrane po- 
tential. Importantly, we have also demonstrated that 
membrane potential modulates divalent cation entry 
in the absence of any accompanying changes in the 
intracellular Ca 2+ pool, i.e., in Ca 2+ pool-depleted 
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Fig. 7. Effect ofextracellular  [Ca 2- ] on K depolarization-induced 
inhibition of Ca 2. entry into parotid acini. Conditions for the 
experiment  shown in A were similar to those described for Fig. 
lB. Cells were suspended in HBSS medium with 50 mM KCI, 
containing 10 m u  Ca 2~ and stimulated with 10 //,M carbachol 
added where shown by arrow. Conditions for the experiments 
shown in B were similar to those described for Fig. 6. Ca 2- pool- 
depleted ceils were incubated in K medium with 10/zM atropine 
for 5 min after which the indicated concentration of Ca 2+ was 
added and cells further incubated for 5 min. Epinephrine (10/xM) 
was then added to restimulate the cells. All measurements were 
done with Fura-2 excitation of 340 nm. The data in B were ob- 
tained with four experiments with different cell preparations. The 
[Ca2+]i reached after epinephrine addition was used to represent 
refill. Refill obtained with 10 mM Ca 2+ in HBSS medium (open 
circles) was set as 100% (395 + 25 riM), and this is not significantly 
different from the refill with 10 mM Ca 2+ in the K medium (filled 
circles, 359 -+ 15 riM). At all other [Ca 2+] refill in HBSS is signifi- 
cantly higher (P < 0.05) than that in K medium. 

cells. As mentioned above, in such Ca 2+ pool-de- 
pleted cells the entry of Ca 2+ or Mn 2+ does not 
appear to be dependent on receptor-mediated intra- 
cellular signals since neither is altered by the addi- 
tion of the antagonist, atropine [14, 28]. These obser- 
vations rule out the possibility that the observed 
effects of membrane potential on divalent cation en- 
try are secondarily induced due to alterations, either 
in agonist-receptor interactions or in the intracellular 
Ca 2+ pool via the inositol-phosphate signaling sys- 
tem. This is further supported by the data in Fig. 1 
and the Table which show that intracellular Ca 2+ 
release is not affected by changes in the membrane 

potential. Additionally, Ca2+-free conditions were 
used for the Mn 2+ entry experiments and, [Ca2+]; 
values in carbachol-stimulated cells in Ca2+-free 
HBSS, KC1, and NMDG media are comparable (see 
the Table). Based on these observations we propose 
that the effects of membrane potential are directly 
exerted on divalent cation influx. 

The membrane potential of parotid acini in the 
unstimulated state ranges from about -20  to -70  
mV [6, 18, 19, 30], and upon stimulation there is a 
hyperpolarization of 10 to 50 mV [6, 19, 30]. To- 
gether with the existing, large, inwardly directed 
Ca 2+ gradient ([Ca2+]o is approximately 104-fold 
higher than resting [Ca 2+ ];); a large driving force for 
Ca 2+ entry is present in resting cells. The plasma 
membrane, under these conditions, provides an ex- 
tremely effective barrier against Ca 2+ entry, al- 
though a low level of divalent cation influx can be 
detected in unstimulated cells (see Fig. 2) with the 
use of Mn 2+ , likely due to the high sensitivffy of the 
Fura-2-Mn 2+ interaction. Upon agonist stimulation, 
the "gating" mechanism, presumably triggered as a 
result of intracellular Ca 2+ mobilization, results in a 
change in the Ca 2+ permeability of this membrane, 
which allows Ca 2§ entry along its electrochemical 
gradient. Such a change in the divalent cation perme- 
ability of the plasma membranes is evident from 
the data we have presented above and from earlier 
studies reported with parotid and pancreatic acinar 
cells [14-17, 28]. Previous reports from our labora- 
tory and others indicate that following agonist stimu- 
lation, Ca 2+ entry apparently commences at a time 
when [Ca2+]i is elevated several-fold above basal 
[13-15]. The initial elevation in [Ca2+]i would also 
alter the inwardly directed Ca 2+. Thus, it seems 
reasonable to suggest that the initial hyperpolariza- 
tion may augment the driving force for Ca 2+ entry 
during this phase. This speculation is supported by 
our observation (shown in Fig. 2) that further hyper- 
polarization of parotid acini, observed in acini incu- 
bated in the NMDG medium, increases the rate of 
initial Mn 2+ entry. 

While the activation of the "maxi"  K + channel 
has been well characterized in the parotid and other 
exocrine cells, little is yet known about the molecu- 
lar mechanisms involved in the activation and regu- 
lation of Ca 2+ entry in exocrine and other "nonexcit- 
able" cells [21, 25]. Earlier studies (which we have 
discussed above) have clearly shown that the release 
of Ca 2 + from the intracellular pool, mediated either 
by inositol 1,4,5, trisphosphate or by inhibition of 
the Ca 2+ pump involved in loading this pool, activate 
Ca 2+ influx in a capacitative manner. The data we 
have described here show that in addition to pool 
depletion, the magnitude of Ca 2+ entry into agonist- 
stimulated rat parotid acinar cells is increased by 
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Fig. 8. Effect of extracellular [Mn >]  on the K depolarizationqnduced inhibition of Mn 2+ entry in parotid acini. Cells were depleted 
of internal Ca -~- pool as described for Fig. 4. Mn2*-dependent Fura-2 quenching was measured by using Fura-2 excitation at 363 nm. 
Cells were resuspended in the different media as indicated (similar to those described for Fig. 4) and 50/.tM Mn 2+ (A) or 200/,~M Mn 2+ 
(B) was added where shown by arrows. Fluorescence has been expressed relative to the value before addition of Mn 2+ in each case. 
Basal cells indicate unstimulated cells with intact internal Ca 2+ pool. 

hyperpolarization of the cell and that depolarization 
can completely overcome the capacitative activation 
of Ca 2+ entry. Based on these observations, it can 
be suggested that any condition leading to the release 
of Ca x+ from the intracellular pool would increase 
[Ca2+]i and activate the K + channel, resulting in 
hyperpolarization of the cell. This change in mem- 
brane potential would then increase the driving force 
for Ca 2+ influx. Thus, in order to describe com- 
pletely the activation of divalent cation entry in rat 
parotid acini following agonist stimulation, it will be 
necessary to resolve the effects on Ca 2+ influx due 
to intracellular Ca 2+ release (capacitative effects) 
from those due to changes in the membrane potential 
and/or  the [Ca 2 § 2 "]i gradient (electrochemical 
gradient effects). 

We would like to thank Dr. James R. Turner and Dr. Yukiharu 
Hiramatsu for the helpful discussions during the preparation of 
this manuscript. 
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