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ABSTRACT In a companion paper  (Zhao, H., and S. Muallem. 1995), we de- 
scribe the relationship between the major Na +, K +, and CI- transporters in resting 
pancreatic acinar cells. The present study evaluated the role of the different trans- 
porters in regulating [Na+]i and electrolyte secretion during agonist stimulation. 
Cell stimulation increased [Na+]i and 86Rb influx in an agonist-specific manner.  
Ca~+-mobilizing agonists, such as carbachol and cholecystokinin, activated Na + in- 
flux by a tetraethylammonium-sensitive channel and the Na+/H + exchanger to 
rapidly increase [Na+]i from ,'-,11.7 mM to between 34 and 39 mM. As a conse- 
quence, the NaK2CI cotransporter was largely inhibited and the activity of  the 
Na + pump increased to mediate most of the S6Rb(K+) uptake into the cells. Secre- 
tin, which increases cAMP, activated the NaK2C1 cotransporter and the Na+/H + 
exchanger to slowly increase [Na+]i from ,'~11.7 mM to an average of 24.6 mM. 
Accordingly, secrefin increased total S6Rb uptake more than the Ca~+-mobilizing 
agonists and the apparent  coupling between the NaK2Cl cotransport and the Na + 
pump. All the effects of secretin could be attributed to an increase in cAMP, since 
forskolin affected [Na+]i and 86Rb fluxes similar to secretin. The signaling path- 
ways mediating the effects of the Ca~+-mobilizing agonists were less clear. Al- 
though an increase in [Ca~+]i was required, it was not sufficient to account for the 
effect of the agonists. Activation of protein kinase C stimulated the NaK2CI 
cotransporter to increase [Na+]i and S6Rb fluxes without preventing the inhibi- 
tion of the cotransporter by Ca2+-mobilizing agonists. The effects of the agonists 
were not mediated by changes in cell volume, since cell swelling and shrinkage 
did not reproduce the effect of  the agonists on [Na+]i and 86Rb fluxes. The overall 
findings of the relationships between the various Na +, K +, and CI- transporters in 
resting and stimulated pancreatic acinar cells are discussed in terms of possible 
models of fluid and electrolyte secretion by these cells. 

I N T R O D U C T I O N  

Transepithelial  electrolyte and fluid secretion by the st imulated pancreas  are 
poorly unders tood  on  the cellular level (Case, 1989; Petersen, 1992). Spectrofluo- 
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rometric and electrophysiologic studies revealed the presence of Na+/H + (Du- 
fresne, Bastie, Vaysse, Creach, Hollande, and Ribet, 1985; Muallem and Loessberg, 
1990a) and C1-/HCO-~ exchangers (Muallem and Loessberg, 1990a), K + and non- 
selective cation channels in the basolateral membrane  (BLM) (Maruyama and Pe- 
tersen, 1982; Thorn  and Petersen, 1992) and Ca2+-activated CI- channels in the 
apical membrane  (AM) (Petersen, 1992). In a companion paper  (Zhao and 
Muallem, 1995), we reported the measurements of  [C1-]i, [Na§ and 86Rb fluxes 
to identify the major transporters regulating [C1-]i, [Na+]i, and [K§ in resting aci- 
nar cells and the relationship between them. Three  separate transporters mediated 
CI- and Na + fluxes in acinar cells; however, the C1-/HCO~ exchanger  dominated 
[C1-]i regulation, whereas the Na+/H + exchanger  dominated [Na+]i regulation 
(Zhao and MuaUem, 1995). 

Direct and indirect regulation of some of the transporters has been reported.  For 
example, an increase in [Ca~+]i closely correlates with activation of  C1- channels 
believed to reside in the AM (Petersen, 1992). Stimulation of  acinar cells with the 
Ca2+-mobilizing agonists carbachol or CCK (Dufresne et al., 1985; Muallem and 
Loessberg, 1990b), but  not  the cAMP generat ing agonist secretin, were repor ted  
to stimulate the Na+/H + exchanger  (Bastie, Delvaux, Dufresne, Saunier-Blache, 
Vaysse, and Ribet, 1988) and the nonselective cation-permeable channel  in the 
BLM (Thorn and Petersen, 1992). Ouabain binding and 86Rb uptake in guinea pig 
acini demonstrated stimulation of  the Na* pump by various agonists (Hootman,  
Ernest, and Williams, 1983; Hootman,  Ochs, and Williams, 1985). The  effects of  
the agonists were attributed to specific protein kinases, since an increase in cAMP 
and stimulation of protein kinase C (PKC) stimulated the ouabain-sensitive 86Rb 
uptake (Hootman et al., 1985; Hootman,  Brown, and Williams, 1987). However, it 
is not  clear whether  stimulation of  the Na § pump by the agonist and second mes- 
sengers is direct, or indirect through changes in [Na+]i. Furthermore,  the relation- 
ship between the various monovalent  ion transporters during stimulation of  pan- 
creatic acini (and most o ther  cell types) is not  known. 

Building on the findings presented in our  companion paper, here  we used the 
same techniques and cellular preparat ion to study the regulation of  the transport- 
ers by Ca2+-mobilizing agonists and secretin, which increase cellular cAMP levels. 
The results indicate that pancreatic secretagogues regulate fluid and electrolyte se- 
cretion through modification of  [Na+]i. Furthermore,  the mechanism and extent  
of changes in [Na+]i is agonist specific and determines the mode  of  coupling 
among monovalent  ion transporters. 

M E T H O D S  

All materials and experimental procedures were the same as in our companion paper (Zhao and 
Muallem, 1995), including composition of solutions, cell preparation, dye loading, and measure- 
ments of [Na+]i [Ca+]i, and 86Rb fluxes. The major incubation solution in most experiments was 
labeled solution A and contained (in mM) NaCI, 145; KC1, 5; MgCI~ 1; CaClz, 1; HEPES, 10; and 
glucose, 10. When the effect of pretreatment with thapsigargin (Tg) or tetradecanoyl-phorbol- 
acetate (TPA) on StRb uptake was measured, they were added during the last 2 or 6 rain of the ini- 
tial 20-min incubation at 37~ 
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R E S U L T S  

Na + Homeostasis in Stimulated Cells 

When stimulated t o  secrete digestive enzymes, acinar cells also elaborate  a small 
volume of  fluid rich in NaC1 and regulate their  volume. To  begin to explore  the 
mechanism and ion transporters involved in these activities, we measured  the effect 
o f  agonists on Na + homeostasis and  the relationship between the transporters.  Fig. 
1 shows that  st imulation of  acinar cells with the Ca~+-mobilizing agonist carbachol  
increased [Na+]i in a concent ra t ion-dependent  manner .  In addition, increasing ag- 
onist concentra t ion decreased the delay and  increased the rate and  extent  o f  the 
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FIGURE 1. Effect of carbachol 
on [Na+]i. Acinar cells loaded 
with SBFI were stimulated with 
the indicated concentrations of 
carbachol. In these experiments 
the fluorescence was recorded 
from single cells within acini 
composed of 10-15 cells. Similar 
results were obtained when the 
fluorescence was recorded from 
3--5 cells. 

[Na§ increase. At maximal  concentra t ion (0.1 mM and above),  carbachol  in- 
creased [Na+]i to abou t  34.3 _+ 1.8 mM (n = 14) within 1 min  of  stimulation. We 
did not  detect  [Na+]i oscillations at  low agonist  concentrat ions similar to those re- 
por ted  in parot id  acinar  cells (Wong and Foskett, 1991), a l though in parallel ex- 
per iments  carbachol  at 0.2-5 I~M did induce [Ca+]i oscillations (not shown). 

Fig. 2 demonstra tes  the effect o f  ano the r  Ca2+-mobilizing agonist, CCK8, on 
[Na+]i and  compares  it with the effect of  secretin, which increases cellular cAMP 
levels. As with carbachol,  st imulation with CCK8 caused a rapid [Na+]i increase 
f rom 11 _+ 0.8 mM to 39.1 + 2.2 mM, which was then  reduced  and  stabilized at 
24 _+ 3.7 mM (n = 6). To  estimate the m e m b r a n e  permeabil i ty to Na + after stabili- 
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zation o f  [Na+]i, the cells were cxposed  to a Na+-free solution,  which resul ted in 
deple t ion  o f  Na+i. Addi t ion  o f  Na  + to the per fus ion  m e d i u m  caused an increase in 
[Na+]i at a rate o f  12.8 + 3.1 raM/ra in ,  which was abou t  threefold  faster than  that  
in rest ing cells (Zhao a nd  Muallem, 1995). St imulat ion o f  acinar  cells with secrct in 
caused a m u c h  slower increase in [Na+]i (Fig. 2 b) with a m a x i m u m  of  24.6 -+ 3.5 
mM (n = 5). 

Blockers a nd  ion substi tut ion were used to de t e rmine  the con t r ibu t ion  o f  the dif- 
fe rent  Na + influx pathways to the agonis t - induced increase in [Na+]i. Fig. 3, a and  b 
as well as e and  f shows that  thiazide (TZ) and  b u m e t a n i d e  had  min imal  effect on  
[Na+]i when  a d d e d  before  o r  du r ing  cell st imulation.  A small r eproduc ib le  effect 
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FIGURE 2. The effect of CCK8 
or secretin on [Na+]i. Acinar 
cells loaded with SBFI were stim- 
ulated with the indicated concen- 
trations of CCK8 (a) or secretin 
(b). In a, the cells were alter- 
nately perfused with solution A 
(NaCI) or solution C (Na+-free). 

Secretin 50 nM 

of  b u m e t a n i d e  (n = 4) could  be observed using the p ro toco l  o f  Fig. 3 f However,  
this effect was no t  different  f rom that  seen in Fig. 3 e before  cell st imulation.  A 
m o r e  p r o m i n e n t  effect was r e c o r d e d  with TEA, which inhibits K + channe ls  and  cat- 
ion-specific, nonselect ive channels  in acinar  cells. Addi t ion  o f  TEA before  cell stim- 
ula t ion r e d u c e d  the agon i s t -dependen t  [Na+]i increase f r o m  39.1 _ 2.2 to 29 - 6 
mM (n = 4) (Fig. 3 c). Addi t ion  o f  TEA to s t imulated cells r e d u c e d  [Na+]i by 
~ 8 . 7  _+ 3.1 mM (Fig. 3 d). Fig. 4 shows that  a d i f ferent  behavior  was observed with 
secret in-st imulated cells. While TZ (not  shown) and  TEA (Fig. 4 a) had  minimal  ef- 
fect, b u m e t a n i d e  significantly inhibi ted  the effect o f  secretin on  [Na+]i (Fig. 4 b). 
Because o f  the slow t ime course  o f  the secretin effect, the  mos t  convinc ing  results 
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were obta ined when bumetan ide  was added  and  then removed after stabilization of  
[Na+]i. In secretin-stimulated cells, bumetan ide  reduced  [Na+]i by about  9.2 -+ 1.4 
mM (n = 5). 

Figs. 3 and  4 clearly show that Ca2+-metabolizing agonists and agonists that in- 
crease cellular cAMP activate different Na + influx mechanisms.  These findings 
were ex tended  by measur ing the effect of  external  K + (Ko +) on the agonist-depen- 
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FIGURE 3. Effect of Na+ influx inhibitors on CCK-dependent increase in [Na+]i. Acini loaded with 
SBFI were sdmulated with 10 nM CCK8 and  exposed to 0.1 mM TZ ( a a n d  b), 5 mM TEA (cand  d), 
or 0.1 mM bumetanide  ( e a n d f )  before or after stimulation with CCKS. 

dent  [Na+]i increase. Changes in Ko + are expected  to affect several Na + transporters  
such as Na + influx through Na + permeab le  channels, Na § influx by the NaK2CI 
cot ranspor ter  and  the N a + / H  + exchangers  and  Na + effiux by the Na + pump.  I f  the 
two classes of  agonists affect different Na + transporters,  then changes in Ko + may 
differentially affect [Na+]i in cells st imulated by each class of  agonist. Fig. 5, a and  c, 
shows that  before  stimulation the removal  o f  Ko + caused a slow increase in [Na+]i, 
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FIGURE 4. Effect of TEA and 
bumetanide on secretin-depen- 
dent increase in [Na+]i. Acinar 
cells loaded with SBFI were stim- 
ulated with 50 nM secretin (a 
and b). In a, 5 mM TEA was in- 
cluded in the incubation me- 
dium before and during stimula- 
tion with secredn. In b, where in- 
dicated, the perfusion medium 
contained 0.1 mM bumetanide. 

5 min 

K + - free 
Carbachol 0.1 mM 202E mnl 

10 
K + - free 

Secretin 50 nM 

[Na+]i (mM)  

35 

40 mM K + 
Carbachol 0.1 mM 

40 mM K + 

Secretin 50 nM 

25 

- 1 5  

5 

35 

25 

15 

FIGURE 5. Effect of extemal [K +] on agonist-stimulated Na + influx. Acini loaded with SBFI were 
perfused with solution D (K+-free) (a and c) or  solution A in which 35 mM KC1 replaced 35 mM 
NaC1 (b and d) and were then stimulated with 0.1 mM carbachol (a and b) or 50 nM secretin (c and 
d). Where indicated, the cells were then perfused with solution A (5 mM K+). 

[Na+]i (mM)  

7 0 -  

5 5 -  

4 0 -  

2 5 -  

1 0 -  

s imi l a r  to  i n h i b i t i o n  o f  t h e  N a  + p u m p  wi th  o u a b a i n .  S t i m u l a t i o n  o f  t h e s e  ce l ls  wi th  

c a r b a c h o l  r a p i d l y  i n c r e a s e d  [Na+]i  to  ~ 6 8  _+ 9 m M  (n  = 3) (Fig. 5 a) ,  w h i c h  was 

s ign i f i can t ly  h i g h e r  t h a n  t h a t  m e a s u r e d  in  t h e  p r e s e n c e  o f  5 m M  Ko + (see  Fig. 1). 

F u r t h e r m o r e ,  [Na+] i  r e m a i n e d  stably e l e v a t e d  u n t i l  5 m M  K § was a d d e d  to  t h e  pe r -  



ZHAO AND MUALLEM Regulation of [Na+]i in Pancreatic Acini 1249 

fusion medium,  which reduced  [Na+]i to ,'.~33 + 5 mM (n = 3). The  reduct ion of  
[Na § caused by the readdit ion of  5 mM K § was largely blocked by ouabain (not 
shown), suggesting the activation of  the Na§ Fig. 5 c shows that  the opposite 
was observed with secretin. Removal of  Ko + significantly reduced  the rate and  extent  
of  the [Na+]i increase. Also with this agonist the addition of  K § to the m e d i u m  ini- 
tially reduced  [Na+]i. 

The  effect o f  high Ko + an agonis t -dependent  [Na§ increase is shown in Fig. 5, b 
and  d. Replacing 35 mM Na § with 35 mM Ko + reduced resting [Na+]i by ~2.85 -+ 
0.4 mM (n = 14). Although the mechanism responsible for this reduct ion is not  
clear at present,  it is no t  attributable to reduct ion of  Nao +, because replacing 35 mM 
Na § with 35 mM NMG § had  no measurable  effect on [Na+]i (not shown). Stimula- 
tion of  cells in high K § m ed ium with carbachol  caused a transient increase in 
[Na+]~ f rom ~8 .4  + 1.1 to 26 +- 3.1 mM, which was then reduced  to 14 _ 1.8 mM 
(Fig. 5 b). Reducing Ko + back to 5 mM to repolarize the cells increased [Na§ to 22 
- 2.1 mM (n = 3). These findings contrast  with the stimulation of  the rate and  ex- 
tent  of  secret in-dependent  [Na+]i increase by high Ko + (Fig. 5 d). In the presence of  
40 mM Ko +, secretin increased [Na§ to 31.6 - 3.5 mM (n = 3). Hence,  the experi- 
ments  with different Ko + fur ther  indicate that  the two agonists stimulate different 
mechanisms to increase [Na+]i. 

It  is evident f rom Figs. 3-5 that  only par t  of  the Na § influx is media ted  by Ko +- 
d e p e n d e n t  mechanisms in stimulated cells. The  Ca2§ agonists were 
shown to activate the N a + / H  § exchanger  in acinar cells (Dufresne et al., 1985; 
Muallem and Loessberg, 1990b). Fig. 6 shows the relative contr ibut ion of  this ex- 
changer  to the agonis t -dependent  [Na+]i increase. Incubat ing the cells with DMA 
inhibited the rate of  CCK-induced [Na+]i increase relative to controls measured  in 
different samples of  acini f rom the same cell prepara t ion  by ~-,67% + 11% (n = 3). 
Removal of  DMA resulted in a fur ther  [Na+]i increase (Fig. 6, a and  b). Similar re- 
suits were obta ined with carbachol  and  bombesin  (not shown). DMA inhibited the 
rate of  secretin-stimulated Na + influx by ~ 5 4 %  + 4% (n = 3), with an increase in 
[Na+]i after the removal  of  DMA (Fig. 6, e a n d f ) .  
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FmUR~ 6. Inhibition of ago- 
nist-stimulated Na + influx by 
DMA. Acinar cells loaded with 
Na+-Green (~83% intracellular 
dye) were stimulated with 10 nM 
CCK8 (a and b) or 50 nM secre- 
tin (cand d). As indicated, 20 wM 
DMA was included in the perfu- 
sion medium. 
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Relationship Between Transporters in Stimulated Cells 

Fig. 7 depicts the effect of  the two classes of  agonists on a6Rb uptake. Stimulation 
with carbachol (or CCK8 or bombesin, not  shown) had multiple effects on the up- 
take. Carbachol modestly increased the total uptake by an average of  39% _+ 2.7% 
(n = 8). However, carbachol almost completely prevented the effect o fbumetan ide  
on S6Rb uptake and increased the ouabain-sensitive 86Rb uptake to ,'-~44 _+ 3.5 
n m o l / m g  p ro te in /4  rain, which accounted for ,'~75% +- 6.8% of  the total uptake. 
In the presence of  bumetanide,  >96% of  the uptake was ouabain sensitive. Secretin 
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FIGURE 7. Stimulation of  88Rb uptake by agonists. Acini incubated in solution A for 20 min at 37~ 
were diluted into uptake medium containing S6Rb, the indicated inhibitors (A) and 0.1 mM carba- 
chol (B), or 50 nM secretin (C). At the indicated times, samples were removed to determine S6Rb 
content  of the acini as described in Methods. The points are the mean  + SEM of six to eight experi- 
ments performed in duplicate determinations. 

had a different effect. Stimulation of  the cells with 50 nM secretin increased total 
S6Rb uptake by 80.5% z 13% (n = 6) to ~74.4  z 7.2 n m o l / m g  p ro te in /4  min. In 
this case both bumetanide and ouabain inhibited the uptake by about 50% (Fig. 7 c). 

Since TEA and DMA affected agonist-stimulated [Na+]i increase, we tested their 
effect on S6Rb uptake. Fig. 8 shows the effect of  TEA on the uptake in cells stimu- 
lated with carbachol or secretin. TEA inhibited total carbachol-stimulated 86Rb up- 
take by ~8.9% - 2.7% (n = 4). On the other  hand, it reduced the ouabain-sensi- 
five fraction from 39.2% -+ 2.5% to 12.1% +_ 1.6% in the absence of  bumetanide 
and to 24.2% z 1.2% in the presence of  bumetanide.  At the same time, TEA in- 
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FIGURE 8. Effect of TEA on agonist-stimulated ~Rb uptake. For measurement of 86Rb uptake, 
acini suspended in solution A and incubated for 20 min at 37~ were diluted 1:1 with solution A con- 
taining 86Rb and twice the final desired concentration of TEA (5 mM), ouabain (0.1 mM), and/or 
bumetanide (0.1 mM) (control cells, left columns). In addition, cells were also stimulated with carba- 
chol (100 p,M) (middle columns) or secretin (50 nM) (right columns). After 4 rain incubation at 37~ 
samples were removed to a stop solution and assayed for a6Rb content. Each column is the mean "4- 
SEM of seven (control), four (carbachol), or three (secretin) experiments performed in duplicate 
determinations. 

creased the bumetanide-sensitive fraction from 6.5% -+ 3% to 17.8% _+ 1.3% in the 
absence of  ouabain and to 29.9% • 1.9% in the presence of  ouabain. Hence, TEA 
partially reversed the effect of  carbachol on the bumetanide- and ouabain-sensitive 
fractions of  S6Rb uptake. This was even more evident when the overlapped fractions 
were considered. In contrast, TEA had a marginal effect on S6Rb uptake in the pres- 
ence of  secretin. Thus, TEA slightly increased the uptake in the absence of  block- 
ers, had no effect on the ouabain-sensitive fraction, and somewhat augmented the 
bumetanide-sensitive uptake. 

Fig. 9 shows that DMA had profound effect on S6Rb uptake under  all conditions. 
Whereas DMA increased S6Rb uptake into control cells, it inhibited the uptake into 
carbachol-stimulated cells by 23% --- 3.2% (n = 4) and the uptake into secretin- 
stimulated cells by 16% __- 1.8% (n = 4). In the presence of  DMA, ouabain and bu- 
metanide alone almost completely inhibited the uptake, whether the cells were 
stimulated with carbachol or secretin. Hence, a functioning Na+ /H  § exchanger  is 
essential for K + uptake into stimulated cells. 

Role of Second Messengers 

To examine the role of  cAMP in the response to secretin, we measured the effect of  
forskolin on [Na+]i and 86Rb uptake. Fig. 10 shows that for the most part forskolin 
acted like secretin. Forskolin slowly increased [Na+]i (Fig. 10 a). This effect was in- 
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hibited in part by bumetanide (Fig. 10 b) and in part by DMA (Fig. 10 c), and the 
effect of DMA appeared more prominent than that of bumetanide. Forskolin in- 
creased the rate of 86Rb uptake to the same extent found with secretin (69.2 + 4.3 
and 75.4 _+ 4.6 nmol /mg protein/4 min, respectively), and the uptake was inhib- 
ited 45-50% by ouabain or bumetanide. In the presence of DMA, ouabain or buo 
metanide almost completely inhibited S6Rb uptake in forskolinotreated cells (Fig. 
10, left panel). Hence, it is likely that the effect of secretin on [Na+]i, S6Rb uptake, 
and the other transporters was mediated by an increase in cellular cAMP. 

It is commonly accepted that the effect of Ca2+-mobilizing agonists on cellular 
functions is the result of activation of Ca2+-dependent mechanisms and of protein 
kinase C (PKC) (Berridge, 1993). The experimental tools used to evaluate the con- 
tribution of each pathway are the inhibitor of internal Ca 2+ pumps, thapsigargin 
(Tg), which increases [Ca2+]i, and the tumor promoting phorbol ester, TPA, which 
activates PKC. Fig. 11 shows the effect of Tg on [Ca~+]i and [Na+]~ under similar 
conditions. Tg increased [Ca2+]i in these cells to about 340 nM within 60-70 s, after 
which [Ca2+]i was slowly reduced but remained elevated until the cells were stimu- 
lated with CCK8 (Fig. 11 a). In such cells, CCK8 actually reduced [Ca2+]~ because 
of activation of the plasma membrane Ca ~+ pump (see Zhang, Zhao, Loessberg, 
and Muallem, 1992). Surprisingly, Tg caused only a slow and small increase in 
[Na§ (Fig. 11 b). After 2, 6 and 12 min of incubation, Tg increased [Na+]~ from 
11.6 _+ 1.7 to 14.2 -+ 1.7, 16.6 _+ 2.4, and 22.3 -+ 3.1 mM (n = 4), respectively. Stim- 
ulation of these cells with CCK8 had no further effect on [Na+]i. On the other 
hand, when the cells were treated with Tg for 2 min and then stimulated with 

80 

70 
._ 
E 

60 r  

5o Q .  

4o 
0 
"6 
E 

e~ 

[• Control 

~ ]  DMA 

[ ]  Oua 

0 

[ • " •  Oua + DMA 

[ ]  Bum 

f / J  

c,', r ~.. 
p 

"" r  

r / I  
r  

Control 

[ ]  Bum + DMA 

~]Bum + Oua 

Carbacho1100pM 

Y/A"-;" ~ 

,~/Y/A 7?, 

Secretin 50nM 

FIGUP.~ 9. Effect of DMA on agonist-stimulated S6Rb uptake. 86Rb uptake was measured as de- 
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different acini from the same preparat ion and  stimulation time was the same to facilitated compari- 
son between [Ca2+]i and  [Na+]i changes. 
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CCK8, [Ca2+]i increased to N385 nM (Fig. 11 C), whereas [Na+]i increased to levels 
measured in control cells (compare Fig. 11, D and F). The increase in [Na+]i al- 
ways lagged behind the increase in [Ca2+]i (Fig. 11, c-f). 

The effect of Tg and CCK8 on StRb uptake is shown in Fig. 12. Pretreatment of 
the cells with Tg for 2 or 6 min had minimal effect on maximal S6Rb uptake or the 
relative effects of ouabain and bumetanide on the uptake. Treatment of the cells 
with Tg for 2 min, which partially depleted stored Ca 2+ (Fig. 11 c) without prevent- 
ing the effect of CCK8 on [Na+]i (Fig. 11 d), also did not prevent the effect of 
CCK8 on S~Rb uptake. Thus, in cells treated with Tg for 2 min, CCK8 increased the 
total and the fraction of ouabain-sensitive SBRb uptake and inhibited the bumet- 
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FIGURE 12. Effect of pretreatment with Tg on StRb uptake, Acini in solution A were incubated for 
20 min at 37~ During the last 2 or 6 min of the incubation, samples of acini were treated with 2 p.M 
Tg as indicated. StRb uptake was initiated by a 1:1 dilution of control or Tg-treated cells into incuba- 
tion medium that also contained Tg or Tg and 10 nM CCK8 as indicated. After 4 min incubation at 
37~ duplicate samples were removed to determine ~Rb content of cells. Each column is the mean 
+ SEM of five separate experiments. 

anide-sensitive uptake (compare the second and fourth groups in Fig. 12). Treat- 
ing the cells with Tg for 6 min, which prevented the effect of CCK8 on [Ca2+]i (Fig. 
11 a) and [Na+]i (Fig. 11 b) also inhibited the effects of CCK8 on 86Rb uptake 
(compare the third and fifth groups in Fig. 12). Hence although an increase in 
[Ca~+]i was not  sufficient to activate the mechanisms of Na + influx, it was required 
for the agonist to activate these mechanisms. 

The role of PKC in mediating the effect of the agonist was evaluated by measur- 
ing the effect of TPA on [Na+]i and 86Rb uptake. Fig. 13 shows that pretreatment of 
the cells with 1 ~M TPA stimulated 86Rb uptake in a t ime-dependent manner.  After 
6 min stimulation with TPA, StRb uptake increased from 38.3 -- 1.4 to 47.7 -+ 2.1 
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tive to o u a b a i n  a n d  b u m e t a n i d e .  H e n c e ,  f u n c t i o n i n g  N a  + p u m p  a n d  NaK2C1 
c o t r a n s p o r t  were  r e q u i r e d  fo r  86Rb u p t a k e  in TPA- t r ea t ed  cells. T h e  resul ts  in Fig. 
13, last  g r o u p ,  show tha t  s t imu la t i on  o f  PKC with TPA d i d  n o t  p r e v e n t  the  overa l l  
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FmuP~ 14. Effect of TPA on [Na+]i. Pancreatic acinar cells loaded with SBFI were stimulated with 
1 I~M TPA and then 10 nM CCK8 (a). In b cells were treated with 0.1 mM bumetanide before stimu- 
lation with TPA. In c and d the cells were incubated with 0.1 mM ouabain (c and d) and 0.1 mM bu- 
metanide (d) before stimulation with TPA. In d, removal of bumetanide caused a large increase in 
[Na*]i. 
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effect of  CCK8 on StRb uptake. Hence,  stimulation of  bumetanide-sensitive uptake 
by TPA did not  prevent the inhibition of  this activity by agonist stimulation. 

Fig. 14 shows that stimulation of  the cells with 1 ~M TPA caused a transient in- 
crease in [Na+]i. TPA increased [Na+]i by N4.8 _+ 0.7 mM (n = 5) within 2 min of  
stimulation, but  after ~ 5  min [Na+]i re turned  to near  resting levels. Stimulation of  
these cells with CCK8 rapidly increased [Na+]i to ~2 9  -+ 1.9 (n = 3) (Fig. 14 a). 
The  results in Fig. 13 suggest that in TPA-treated cells, part of  the StRb uptake was 
mediated by the NaK2C1 cotransporter,  which also provided a significant amount  
o f N a  + for the Na + pump. Accordingly, Fig. 14 b shows that bumetanide largely in- 
hibited the effect of TPA on [Na+]i. Fig. 14 c shows that inhibition of the Na + 
pump with ouabain strongly augmented the effect of  TPA which increased [Na+]i 
to 26.6 _+ 2.7 mM (n = 3). Again, this effect of  TPA on [Na+]i was strongly inhib- 
ited by bumetanide  (Fig. 14 d). The combined results in Figs. 13 and 14 indicate 
that stimulation of  PKC cannot  explain the effect of  the Ca~+-mobilizing agonists 
on Na + influx. 

Another  form of  activation or modulat ion of  the transporters mediating Na § in- 
flux is by changes in cell volume. It is possible that stimulation of  pancreatic acinar 
cells with Ca2+-mobilizing agonists caused cell shrinkage and subsequent Nao +- 
dependen t  cell swelling, similar to that repor ted  in salivary acinar cells (Foskett and 
Melvin, 1989). We therefore tested the effect of  cell volume changes on Na + and 
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Cell volume-dependent changes in [Na+]~. Acinar cells loaded with SBFI were per- 
fused with a solution of  206 mosM, which had the same composition as solution A except for the re- 
duction of  NaCi from 145 to 93 mM (a-d). In a~ after incubation in hypotonic medium, osmolarity 
was increased back to 310 mosM by perfusion with solution A. In b, 0.1 mM bumetanide was in- 
cluded in the solution used for cell shrinkage. Where indicated, bumetanide was removed from the 
incubation medium while maintaining osmolarity at 310 mosM. In c, the cells were stimulated with 
0.1 mM carbachol during cell shrinkage. In d, 0.1 mM bumetanide was included in solution A. 
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K + fluxes in control and agonist-stimulated cells. An important aspect of these ex- 
periments was to determine whether the agonist can inhibit the NaK2C1 cotrans- 
port after its activation by cell shrinkage. Fig. 15 shows that swelling the cells by re- 
ducing medium osmolarity from 310 to 206 mosM caused a biphasic reduction in 
[Na+]i. The rapid, initial reduction from 11.3 _+ 0.9 to 7.5 - 0.7 mM was completed 
within 60-75 s. In the subsequent 5 min of incubation in hypotonic medium, 
[Na+]i was slowly reduced to ~6.0 + 0.75 mM (n = 15) (Fig. 15, a-d). Shrinking 
the cells by restoring the osmolarity to 310 mosM gradually increased [Na+]i back 
toward resting levels (Fig. 15 a). This effect was partially blocked by bumetanide 
(Fig. 15 b) in that cell shrinkage in the presence of bumetanide caused a transient 
increase in [Na+]i. At present we do not know what mechanism is responsible for 
this unusual [Na+]i increase. However, removal of bumetanide from the medium 
of these cells restored normal [Na+]i (Fig. 15 b). Swelling the cells by exposure to 
low osmolarity did not prevent the agonist-induced [Na+]i increase on cell shrink- 
age (Fig. 15 c). Furthermore, bumetanide did not prevent the [Na+]i increase un- 
der these conditions (Fig. 15 d). The properties of S6Rb uptake under the condi- 
tions of Fig. 15 are depicted in Fig. 16. As was reported before for many cell types 
(Hoffman and Simonsen, 1989; Grinstein and Foskett, 1990), subjecting pancreatic 
acini to a swell-shrink cycle stimulated a6Rb uptake from N41.8 -+ 3.3 to 83.4 -+ 3.8 
nmol /mg protein/4 min (n = 4). This was largely due to the stimulation of the 
NaK2CI cotransporter, since bumetanide inhibited the uptake by 54 + 2.6% and 76 + 
3.2% in the absence and presence of ouabain, respectively. Stimulation of the cells 
with carbachol (or CCK8) further increased the uptake to 101.3 _+ 4.6 nmol/mg 
protein/4 min. Carbachol stimulation also increased the fraction of ouabain-sensi- 
tive a6Rb uptake and inhibited the fraction of bumetanide-sensitive uptake in these 
cells. Hence, stimulation of the NaK2CI cotransporter by cell shrinkage did not 
prevent its inhibition by agonist stimulation. 

D I S C U S S I O N  

Characterization of Na +, K +, C1- (Maruyama and Petersen, 1982; O'Doherty and 
Stark, 1983; Zhao and Muallem, 1995), HCO~ and H + (Muallem and Loessberg, 
1990a) fluxes in pancreatic acinar cells showed that multiple transport pathways 
determine the concentration of these ions in the cytosol. The various pathways are 
regulated by, and coupled through, the cytosolic concentration of the transported 
ions. Thus, it is well documented that the Na+/H + exchanger is regulated by [H+]i 
(Grinstein and Foskett, 1990) and [Na+]i (Green, Yamaguchi, Kleeman, and 
Muallem, 1988). The C1-/HCO~ exchanger is regulated by HCO~ and pHi 
(Green et al., 1990), and the NaK2C1 cotransporter is sensitive to [Na+]i (Whise- 
nant, Khademazad, and MuaUem, 1991). Furthermore, the transport pathways 
complement and compensate each other to regulate the concentration of the 
transported ions, in particular [Na+]i and [K§ (Zhao and MuaUem, 1995). In the 
present studies we were able to demonstrate agonist-specific and selective stimula- 
tion of ion transporters and show the importance of [Na+]i in the regulation of 
fluid and electrolyte secretion by pancreatic acini. 
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FmURE 16. Stimulation of 86Rb uptake by cell shrinkage. Acinar cells were incubated with solution 
A for 20 min at 37~ At 14 rain, a sample of the cells was mixed with a solution containing all addi- 
tives of solution A except NaCI to obtain a final NaCI concentration of 93 mM. At the end of the 20 
min incubation at 37~ cells incubated in solution A (isotonic) were diluted (1:1) into solution A 
(Itfl columns, control) and cells incubated in hypotonic media were diluted into solution A contain- 
ing 197 mM NaCI to obtain a final osmolarity of 310 mosM (middlt columns, swell/shrink), and also 
containing 0.1 mM carbachol (~rht columns). The incubation solutions to which the cells were di- 
luted also contained ~Rb and as indicated 0.1 mM ouabain, 0.1 mM bumetanide, or both. After 2 
and 4 min incubation at 37~ duplicate samples were removed to determine 86Rb content of cells. 
Since uptake was linear for 4 min at 37~C, all samples were averages and calculated as uptake/4 min 
incubation. Each column is the mean -+ SEM of four similar experiments performed at quadrupli- 
cate determinations. 

Specificity of the [Na+ ]i Increase 

Mult iple  t ranspor ters  were activated to cause the agon i s t - induced  increase  in  
[Na+]i. Ca~+-mobilizing agonists  activated the N a + / H  + e x c h a n g e r  a n d  the  nonse-  
lective ca t ion  channe ls .  A s ignif icant  par t  of  the [Na+]i increase  was i nh i b i t e d  by 
DAM (Fig. 6). This  agrees with previous  studies d e m o n s t r a t i n g  the act ivat ion of  the 
N a + / H  + e x c h a n g e r  a n d  H + efflux by Ca2+-mobilizing agonists  (Dufresne  et  al., 
1985; Mua l l em a n d  Loessberg,  1990b). Na  + inf lux  by the nonselec t ive  c h a n n e l  is 
c o n c l u d e d  f rom the increase  in  Na § inf lux  in  the absence  of  Ko +, a decrease  in  the 
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influx at high Ko +, the partial inhibition of  the influx by TEA, and from the effect of  
TEA on StRb uptake. Previous studies showed that Ca2+-mobilizing agonists activate 
a nonselective cation channel in rat and mouse pancreatic acini (Marayama and 
Petersen, 1982; Thorn and Petersen, 1992). Similar channels and their activation 
by Ca2+-mobilizing agonists have been reported in many secretory cell types (Pe- 
tersen and Findlay, 1987; Petersen, 1992). However, the role of  these channels in 
secretion remained unknown. Here we show that a major role of  the channels is to 
provide a pathway for Na § influx during agonist stimulation, although the contri- 
bution of  the channels is secondary to that of  the Na+/H + exchanger. 

Unlike previous reports in mouse pancreatic acini (Petersen and Singh, 1985), 
there was no evidence for stimulation of the rat pancreatic acinar NaK2C1 cotrans- 
porter by Ca2+-mobilizing agonists. Measurements of  86Rb influx showed that the 
cotransporter is actually inhibited by this class of  agonists. This agrees with studies 
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showing no effect of  furosemide on fluid secretion by the perfused rat pancreas 
(Ishikawa and Kanno, 1991). Species differences with respect to mechanism of  pan- 
creatic fluid and electrolyte secretion are well documented (Case and Argent, 
1986; Petersen, 1992) and may explain the differences between the studies in the 
rat and mouse acinar cells. 

The consequence of  stimulation of Na + influx by the Ca2+-mobilizing agonists 
was an increased Na § pump activity and inhibition of  the NaK2CI cotransporter 
(see Fig. 17, middle). Our previous studies showed that the NaK2CI cotransporter is 
highly sensitive to [Na+]i (Whisenant et al., 1993). It is therefore likely that the in- 
crease in [Na+]i inhibited the cotransporter and stimulated the Na + pump. This in- 
terpretation is supported by the experiments with TEA (Fig. 8) and DMA (Fig. 9). 
TEA, which partially inhibited Na + influx, reduced the fraction of ouabain-sensitive 
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S6Rb influx and increased the fraction of  bumetanide-sensitive 86Rb influx. Inhibi- 
tion of  Na + influx by the Na+ /H  + exchanger  with DMA has a small effect on total 
StRb uptake in stimulated cells. However, in the presence of  DMA, most Na + influx 
was mediated by the cotransporter  since bumetanide largely inhibited 86Rb influx. 
This is probably because Na + influx through the TEA-sensitive channel  was not  suf- 
ficient to support  the Na + pump. In the presence of  DMA, ouabain alone effec- 
tively inhibited StRb uptake in stimulated but  not  resting cells. Most likely this is 
because inhibition o f  the Na + pump in stimulated cells resulted in large [Na+]i in- 
creases, which inhibited the cotransporter.  

Stimulation of  the cells with secretin also increased Na + influx. However, with 
this agonist the influx was mediated by the Na+ /H + exchanger  and the NaK2C1 
cotransporter.  Accordingly, DMA or bumetanide  reduced the effect of  secretin on 
[Na+]i increase, whereas TEA (Figs. 4 and 8) or TZ (not shown) had minimal effect 
on [Na+]i or 86Rb fluxes stimulated by secretin. Ouabain or bumetanide inhibited 
,-~50% of  86Rb influx in secredn-stimulated cells. This suggests that secretin uncou- 
ples K + uptake by the two transporters. This is probably not  the case since DMA 
alone only slightly inhibited the influx, whereas in the presence of  DMA both trans- 
porters must be functional for K + uptake to occur. Thus, in the presence of  DMA, 
transport  by the Na § pump and the NaK2CI cotransporter  appears tightly coupled. 

Role of Second Messengers 

Secretin was repor ted  to increase cAMP levels (Gardner and Jensen, 1986) and 
[Ca2+]i (Trimble, Bruzzone, Biden, and Farese, 1986) in pancreatic acinar cells. 
However, the present  studies show that the overall effect of  secretin on the trans- 
porters can be induced by an increase in cAMP with forskolin (Fig. 10). Measure- 
ments of  [Ca2+]~ in our  laboratory showed that in acinar cells, secretin increased 
[Ca2+]i to ,'~35% that found with carbachol, whether  [Ca2+]i was measured in cell 
suspension or with single acinar cells (results not  shown). It is likely that the degree 
of  activation of  the Ca z+ signaling pathway by secretin was not  sufficient to activate 
the same transporters activated by the Ca~+-mobilizing agonists. 

We were unable to determine with certainty the mechanism by which Ca~+-mobi - 
lizing agonists activate the different Na + transport  pathways. As repor ted  in previ- 
ous studies (Hootman et al., 1987), stimulation of  PKC with TPA increased the rate 
of  86Rb uptake. However, this was not  attributable to direct stimulation of  the Na + 
pump,  as suggested before (H.qotman et  al., 1987), but  ra ther  to stimulation of  the 
NaK2CI cotransporter,  and consequently K + influx by the Na § pump. Further- 
more,  the agonist, through an increase in [Na+]i, inhibited bumetanide-sensitive 
86Rb influx in TPA-treated cells. Even more surprising was the lack of  effect of  Tg. 
Tg releases Ca z+ from the agonist-sensitive pool to increase [Ca2+]i in the same sites 
or compartments  as the agonists (Zhang et al., 1992). In salivary acinar cells, in- 
creasing [Ca2+]i with Tg was equivalent to agonist stimulation in activating several 
Na + influx pathways (Robertson and Foskett, 1994). Therefore ,  we expected Tg to 
act like agonists, at least in stimulating the TEA-sensitive, Ca2+-activated pathway. 
However, in pancreatic acinar cells, Tg caused a slow and small increase in [Na+]i. 
Trea tment  of  the cells with Tg and TPA also failed to cause agonist-like stimulation 
of  Na + influx or 86Rb uptake (not shown). 
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Despite the lack of  effect of  Tg, [Ca~+]i increase by the agonist appears to be re- 
quired for stimulation of  [Na+]i influx and StRb uptake. Thus, deplet ion of  in temal  
stores Ca 2§ by a prolonged t reatment  with Tg prevented the effect of  agonist on 
Na + influx. On the other  hand, increasing [Ca~+]i by agonists to levels similar to 
those induced by Tg was sufficient to activate Na + and 86Rb influx (Fig. 11, c and d, 
and Fig. 12). It is therefore  clear that in pancreatic acinar cells the Ca2+-mobilizing 
agonists increase [Cae+]i and modify the activity of  ano ther  biochemical pathway to 
stimulate Na + influx and fluid secretion. This pathway seems to be different f rom a 
PKC, or  a cell volume-sensitive pathway. In salivary acinar cells activation of  Na + in- 
flux is coupled to changes in cell volume (Wong and Foskett, 1991). We therefore  
tested whether  activation of  Na + influx by similar changes in cell volume will resem- 
ble activation by Ca2+-mobilizing agonists. This was not  the case in pancreatic aci- 
nar cells. In fact, despite the stimulation of  the NaK2CI cotransport  and the Na § 
pump by cell shrinkage, the agonists increased [Na+]i to fur ther  stimulate the 
pump and inhibit the cotransporter.  The  biochemical/signaling pathway mediat- 
ing the activation of  Na + and 86Rb influx by Ca2+-mobilizing agonists in pancreatic 
acinar cells remains to be identified. 

Models of Fluid and Electrolyte Secretion 

The  present  studies provide sufficient information to propose a model  for  electro- 
lyte and fluid secretion by rat pancreatic acinar cells when stimulated with Ca 2+- 
mobilizing agonists or agonists that increase cAMP, such as secretin or VIP. The 
models are summarized in Fig. 17. Na + and CI- influx at the BLM are the key for 
regulation of  the secretion. In the presence of  HCO~ most CI- influx is mediated 
by the C1-/HCO~ exchanger,  which dominates CI- fluxes at the BLM and is stimu- 
lated by Ca2+-mobilizing agonists (Muallem and Loessberg, 1990b). The Na+/H + 
exchanger  is also activated to increase Na + influx to fuel the Na + pump and re- 
move the H + generated in the cytosol by C1-/HCO~ exchange. Such a mechanism 
can explain why, in the presence of  HCO~, CCK-stimulated fluid secretion by aci- 
nar cells is sensitive to low concentrat ions of  SITS and DIDS (Scow, Lingard, and 
Young, 1986). In the absence of  HCO~, when the C1-/HCO~ exchanger  is not  ac- 
tive (Muallem and Loessberg, 1990a), acinar cells secrete well when stimulated 
with Ca~+-mobilizing agonists (Petersen and Ueda, 1977; Evans, Pirani, Cook, and 
Young, 1986; Seow et al., 1986). In this case C1- influx in the BLM must be medi- 
ated by an alternative pathway. The  present  studies show that this pathway is not  
likely to be the NaCI or the NaK2C1 cotransporters. Previous studies, which corre- 
lated between changes in [Ca2+]i and activation of  C1- current  in acinar cells, sug- 
gested the sequential activation of  CI- channels located in the AM and the BLM 
(Kasai and Augustine, 1990). It is therefore  possible that, in the absence of  HCO~, 
a CI- channel  in the BLM together  with the nonselective cation channel  provide 
the route for C1- entry across the BLM. Considering the high [C1-]i in acinar cells, 
ano ther  advantage of  activation of  the nonselective cation channel  by the agonist is 
to depolarize the BLM and thus permit  the CI- influx. 

The effect of  cAMP on the CI - /HCO~ exchanger  is not  known. Hence,  at 
present  it is not  clear what role the CI - /HCO~ exchanger  plays during stimulation 
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of  f luid a n d  electrolyte secre t ion by cAMP m o d u l a t i n g  agonists.  However,  with 
these agonists,  at least par t  o f  the C1- inf lux  in  the p resence  of  HCO~ a n d  probab ly  

mos t  o f  the inf lux  in  the absence  of  HCO~ is m e d i a t e d  by the  NaK2C1 cotrans- 
por ter ,  which also provides s ignif icant  f ract ion of  the Na + r e q u i r e d  to fuel  the Na + 

p u m p .  
T h e  models  in  Fig. 17 do no t  a c c oun t  for the po r t i on  (up to 30%) of  t ranscellu-  

lar Na + secret ion,  s ince the m e c h a n i s m  respons ib le  for Na + effiux at the AM is n o t  
known.  However,  it is of  no te  that  with all agonists,  [Na+]i r e m a i n e d  elevated for  

the d u r a t i o n  of  cell s t imula t ion ,  which can facilitate Na + effiux across the AM. Fur- 
ther  studies obviously are r equ i r ed  to identify the Na + efflux m e c h a n i s m  at the AM 
a n d  test the  validity of  the mode ls  in  Fig. 17. 
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