
Na +, K +, and C1- Transport in Resting 
Pancreatic Acinar Cells 

HONG ZHAO a n d  SHMUEL MUALLEM 

From the Department of Physiology, University of Texas Southwestern Medical Center, Dallas, 
Texas 75235 

ABSTRACT TO understand the role of Na +, K +, and CI- transporters in fluid and 
electrolyte secretion by pancreatic acinar cells, we studied the relationship be- 
tween them in resting and stimulated cells. Measurements of [Cl-]i in resting cells 
showed that in HCO~-buffered medium [C1-]i and CI- fluxes are dominated by 
the CI-/HCO~ exchanger. In the absence of HCO~, [C1-]i is regulated by NaCI 
and NaK2CI cotransport systems. Measurements of [Na+]i showed that the Na § 
coupled C1- transporters contributed to the regulation of [Na+]i, but the major 
Na § influx pathway in resting pancreatic acinar cells is the Na+/H § exchanger. 
86Rb influx measurements revealed that >95% of K § influx is mediated by the 
Na § pump and the NaK2C1 cotransporter. In resting cells, the two transporters 
appear to be coupled through [K+]i in that inhibition of either transporter had 
small effect on S6Rb uptake, but inhibition of both transporters largely prevented 
86Rb uptake. Another form of coupling occurs between the Na § influx transport- 
ers and the Na § pump. Thus, inhibition of NaK2CI cotransport increased Na § in- 
flux by the Na+/H § exchanger to fuel the Na § pump. Similarly, inhibition of 
Na+/H § exchange increased the activity of the NaK2C1 COtlansporter. The com- 
bined measurements of [Na+]i and S6Rb influx indicate that the Na§ § ex- 
changer contributes twice more than the NaK2C1 cotransporter and three times 
more than the NaC1 cotransporter and a tetraethylammonium-sensitive channel 
to Na + influx in resting cells. These findings were used to develop a model for the 
relationship between the transporters in resting pancreatic acinar cells. 

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

Pancreatic acinar cells secret digestive enzymes and isotonic fluid rich in NaC1 
(Schulz, 1987; Case, 1989). Whereas enzyme secretion (Gardner andJensen,  1986; 
Williams and Blevins, 1993) stimulus-secretion coupling (Hootman and Williams, 
1987; Petersen and Findlay, 1987) and second messenger regulation (MuaUem, 
1992) have been studied extensively, the mechanism of fluid and electrolyte secre- 
tion by acinar cells is poorly understood. 
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Early studies examined the properties of fluid secretion by the perfused pancreas. 
In the presence of HCO~ and cholecystokinin (CCK), where most secretion is be- 
lieved to be of acinar origin, pancreatic fluid secretion was inhibited --,70% by a 
high concentration of amiloride, reduction of serosal [Na+], or high concentration 
of acetamide isothiocyanatostilbene disulfonic acid (SITS) (Seow, Lingard, and 
Young, 1986; Ishikawa and Kanno, 1988, 1989). Tetraethylammonium (TEA) and 
Ba 2+ reduced fluid secretion by -,~30% (Evans, Pirani, Cook, and Young, 1986). 
Spectrofluorometric studies on the cellular level demonstrated the presence of 
Na+/H + (Dufresne, Bastie, Vaysse, Creach, HoUande, and Ribet, 1985; Muallem and 
Loessberg, 1990a) and C1-/HCOg (Muallem and Loessberg, 1990a) exchange 
mechanisms in acinar cells. Strong evidence in several species points to a Ca2+-acti - 
rated C1- channel as mediating the C1- exit at the apical membrane (AM) (Petersen 
and Findlay, 1987; Peterson, 1992). In the rat and mouse pancreatic acini, in addi- 
tion to K + selective channels, the basolateral membrane (BLM) contains a Ca2+-acti - 
vated, voltage-independent, nonselective cation channel that depolarizes stimulated 
cells (Maruyama and Petersen, 1982; Thorn and Petersen, 1992). TEA and Ba 2+ par- 
tially inhibit fluid secretion, probably by inhibition of the nonselective channels. 

The ion transport pathways mentioned above, together with a paracellular trans- 
port pathway for Na +, were proposed to mediate fluid and electrolyte secretion by 
acinar cells (Schulz, 1987; Case, 1989; Petersen, 1992). However, unlike pancreatic 
duct cells, acinar cells secrete fluid and electrolyte very well in the absence of 
I-ICO~ (Kanno and Yamamoto, 1977; Petersen and Ueda, 1977; Seow et al., 1986), 
where their C1-/HCO~ exchanger is not active (Muallem and Loessberg, 1990a, b). 
It was suggested that in the absence of HCO~, C1- entry at the BLM is mediated by 
the NaK2C1 cotransporter, since furosemide at high concentrations inhibited CCK- 
stimulated fluid secretion (Seow et al., 1986; Ishikawa and Kanno, 1989). However, 
a more recent report by one of these groups found no effect of serosal furosemide 
on fluid or K + secretion to both the luminar and the serosal fluids (Ishikawa and 
Kanno, 1991). Further complications arise from findings with isolated mouse pan- 
creatic acini in which cholinergic stimulation caused S6Rb and net K + effiux by the 
cotransporter (Singh, 1984; Petersen and Singh, 1985). Hence the existence and 
possible role of the NaK2C1 cotransproter in acinar ceils are not clear. 

In the first stage of the present studies, we attempted to determine the relation- 
ship between the Na +, K +, and CI- transporters by measuring the intracellular con- 
centrations of Cl- and Na + and the undirectional influx of 86Rb. The results identi- 
fied the major transporters regulating [Na+]i, [K+]i, and [C1-]i in resting acinar 
cells and point to a coupling between the transporters through the intracellular 
concentrations of Na + and K +. 

M A T E R I A L S  A N D  M E T H O D S  

Chemicals 

Chemicals were purchased from the following sources: tributyltin, gramicidin, monensin, oua- 
bain, (TEA) and digitonin came from Sigma Chemical Co. (St. Louis, MO). Nigericin was from 
Boehringer Mannheim (Indianapolis, IN). Dimethylamiloride was from Research Biochemicals 
Inc. (Natic, MA). Fura 2/AM, SPQ, SBFI/AM, and Na+-Green/AM were from Molecular Probes 



ZHAO AND MUALLEM Ion Transport in Pancreatic Acini 1227 

(Eugene ,  OR) .  B u m e t a n i d e  was a g e n e r o u s  gift  f r o m  Dr. J.  J o h n s o n  (VA Medica l  Cen te r ,  Dallas,  

Texas ) .  

Solutions 

T h e  so lu t ions  u sed  in t he  p r e s e n t  e x p e r i m e n t s  a n d  the i r  c o m p o s i t i o n  a re  listed in Table  1. In  t he  

text,  w h e n  re fe r r ing  to a par t icu la r  solut ion,  we also indica te  the  m a j o r  salt  a n d  the  p H  buf fe r  as 

follows: so lu t ion  A (NaC1, HEPES);  so lu t ion  B (Cl--free,  HEPES);  so lu t ion  C (Na+-free, HEPES);  

so lu t ion  D (K+-free, HEPES);  so lu t ion  E (NaCI, H C O ~ ) ;  so lu t ion  F (Ci--free,  H C O ~ ) ;  so lu t ion  G 

(SCN- ,  HEPES).  All so lu t ions  c o n t a i n i n g  H C O g  were equ i l ib ra ted  with 5% C O 2 / 9 5 %  O~ to p H  7.4 

at  r o o m  t e m p e r a t u r e .  T h e  osmolar i ty  o f  all so lu t ions  was ad jus t ed  to 310 m o s M  with the  ma jo r  salt. 

Preparation of Pancreatic Acini 

Acini  were p r e p a r e d  a c c o r d i n g  to a previously  p u b l i s h e d  m e t h o d  (Zhang ,  Tortor ici ,  a n d  

Mua l l em,  1994). T h e  p a n c r e a s  o f  a 100--150-g ra t  was r e m o v e d  a n d  in jec ted  with 10 ml  o f  a SOlu- 

T A B L E  I 

Composition of Solutions 

Solutions 

Salt (mM) A B C D E F G 

NaC1 145 - -  - -  145 120 - -  - -  

Na-Glu - -  145 - -  - -  - -  120 

NMG-CL - -  - -  145 5 ~ - -  - -  

KC1 5 - -  5 - -  5 - -  - -  

K-Glu ~ 5 - -  - -  - -  5 - -  

MgCI~ 1 - -  1 1 1 - -  

MgSO4 - -  1 - -  - -  - -  1 1 

CaCI~ 1 - -  1 1 1 - -  - -  

Ca-Cyclamate - -  4.6 - -  - -  ~ 3.8 1 

HEPES 10 10 10 10 2.5 2.5 10 

NaHCO ~- . . . .  25 25 

Glucose 10 10 10 10 10 10 10 

NaSCN . . . . . .  150 

d o n  c o m p o s e d  o f  so lu t ion  A, 0.02% soybean  trypsin inh ib i tor ,  a n d  0.1% bovine  s e r u m  a l b u m i n  

(PSA). Fat, connec t ive  t issue,  a n d  b lood  vessels were r e m o v e d ,  t he  f luid was d r a i n e d  by b lo t t ing ,  

a n d  t he  p a n c r e a s  was f inely m i n c e d .  T h e  m i n c e d  p a n c r e a s  was a d d e d  to 15 ml  PSA c o n t a i n i n g  2.5 

m g  co l lagenase  P a n d  i n c u b a t e d  for  5 - 6  m i n  a t  37~ T h e  r e su l t an t  acini  were  w a s h e d  twice with 

PSA a n d  f i l tered t h r o u g h  a 150-p,m ny lon  m e s h .  For  f l uo re scence  m e a s u r e m e n t s ,  acini  f r o m  o n e  

p a n c r e a s  were s u s p e n d e d  in  8 ml  PSA a n d  kep t  o n  ice unt i l  use .  For  m e a s u r e m e n t  o f  S6Rb f luxes,  

the  acini  were s u s p e n d e d  in 10 ml  PSA a n d  u sed  immedia te ly .  

Dyes Loading 

For  [Ca~+]i m e a s u r e m e n t s ,  2 ml  o f  a c ina r  cell s u s p e n s i o n  was i n c u b a t e d  with 2.5 p.M Fu ra  2 / A M  

for  20 m i n  at  37~ For  [Na+]i m e a s u r e m e n t s ,  1.5 mi  ac ina r  cell s u s p e n s i o n  was i n c u b a t e d  with 5 

~ M  S B F I / AM  at  r o o m  t e m p e r a t u r e  for  45--60 rain.  Alternatively,  1 ml  acini  s u s p e n s i o n  was incu-  

ba t ed  with 2 ~ M  Na+-Green  for  15 m i n  at  r o o m  t e m p e r a t u r e .  At  the  e n d  o f  e ach  l o a d i n g  pe r iod ,  

the  cells were  washed  o n c e  with 35 ml  PSA, r e s u s p e n d e d  in ~ 5  ml  PSA, a n d  kep t  o n  ice unt i l  plat- 
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ing. For each experiment ,  ~0 .5  ml dye-loaded acini were plated on  thin-glass coverslips that  
formed the bot tom of  a perfusion chamber .  

Several preliminary experiments  were performed to obtain suitable condit ions for measure- 
men t  of [C1-]i. Acinar cells were loaded with S P Q o r  MQAE. In six-cell preparations,  dye leak with 
SPQwas lower than with MQAE. Dye loading at 37~ resulted in reduced signal/noise.  Incubat ion 
of  the cells with SPQ at room temperature  for 15 min and  then  at 0~ for 30 min or longer  re- 
suited in maximal loading and  reproducible signal intensity between exper iments  performed with 
the same cell preparart ion.  Therefore,  the following condit ions were used to measure [C1-]i in 
acinar cells. About  3 ml acinar cell suspension was centrifuged, and  the acini were resuspended in 
1 ml PSA containing 10 mM SPQ. After 15 min  incubat ion at room temperature,  the acini were di- 
luted with 1 ml PSA and  kept  on  ice for at least 30 min and  then until  plating on  coverslips. Before 
each plating, 0.1 ml of SPQ-loaded acini were added to 0.4 ml solution A in the perfusion chamber.  

Fluorescence Measurements 

Dye-loaded acini were allowed to attach to the glass coverslips for ~ 2  rain at room temperature,  
after which perfusion of  a warm (37~ solution A commenced  to remove unat tached  ceils. Fluo- 
rescence recording started after at least a 10-min perfusion (at a rate of 10-12 m l / m i n )  with solu- 
tion A to allow establ ishment  of ionic gradients. The  perfusion chamber  was placed on  the stage 
of  an  inverted microscope at tached to a Delta Scan Fluorimeter, which provided a dual wave- 
length excitation light. Fluorescence was recorded from 2-3 cells within a single acinus composed 
of 10-20 cells. Fura 2 fluorescence was recorded at excitation wavelengths of 355 and  380 nm and  
SBFI fluorescence at 340 and  385 nm. The  fluorescence of SPQ and  Na+-Green was recorded with 
single excitation wavelengths of 380 and  490 nm, respectively, since these dyes are not  ratio dyes. 
The  emit ted light was directed to a photomult ip l ier  tube by an appropriate  dichroic mirror,  and  
emission cut off filter sets. Light intensity was measured at a resolution of 2/s .  The fluorescence 
ratios of  355/380 for Fura 2 were calibrated exactly as detailed before (Zhao, Star, and  Muallem, 
1994). The procedure  used to calibrate the fluorescence of the o ther  dyes is described in Results. 
All exper imental  protocols were repeated at least three times with different cell preparations.  

Measurement of S6Rb Influx 

Acini in PSA were incubated for 20 min at 37~ To initiate 86Rb uptake, the acini were diluted 1:1 
into a warm PSA conta ining 86Rb (~4.105 cpm/ml )  and  twice the final desired concentra t ion of 
any agent  tested. At the indicated times (usually after 4 min incubat ion at 37~ duplicate 0.5 ml 
samples of  acini were transferred to 8 ml stop solution containing 150 mM NaC1, 1 mM LaCI3, 10 
mM HEPES (pH 7.4 with NaOH),  and  1 m g / m l  BSA. The stop solution was in glass tubes placed 
in an ice-cold water bath. At the end  of the exper imental  sampling, the acini were collected by a 
20-s centr ifugation at 200 g and  washed twice more  with an ice-cold stop solution in the same man- 
ner. The  pellets were dissolved in 0.5 ml of 0.2 M NaOH by 30 min incubat ion at 60~ 10-20 O,1 
samples from representative tubes (at least six) were removed for determinat ion of protein;  the 
remaining volume was transferred to scintillation vials for counting. The  results were calculated in 
terms of nmoles K+/mg protein and  are presented as mean  ___ SEM for the n u m b e r  of experi- 
ments  performed.  

R E S U L T S  

T h e  f i r s t  g o a l  o f  t h e  p r e s e n t  s t u d y  was  to  c h a r a c t e r i z e  t h e  m a j o r  CI - ,  N a  +, a n d  K + 

t r a n s p o r t e r s  i n  a c i n a r  cel ls ,  t h e i r  r e l a t i v e  c o n t r i b u t i o n  to  m a i n t a i n i n g  t h e  cy toso l i c  

ac t iv i t i es  o f  t h e  r e l e v a n t  i ons ,  a n d  t h e  r e l a t i o n s h i p  b e t w e e n  t h e m .  T h i s  was a c h i e v e d  
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by measur ing the intracellular activities o f  Na + and  CI- and  the propert ies  of  S6Rb 
influx. 

Cl- Transport 

The  intracellular CI- concentra t ion ([Cl-]i) was measured  with the Cl--sensitive 
dye SPQ. Fig. 1 a shows the behavior  of  SPQ in acinar cells and  the p rocedure  used 
to calibrate the fluorescence. The  fluorescence was relatively stable dur ing continu- 
ous perfusion and  dye leak was --,12% per  hour.  Maximal an ion-dependent  fluores- 

TBT 101.d~4 + NIg 2.5 gM ~ ' / / / / / / / / / / / / / / / / / / , / ~  
[cr] I o I~~176176176176 ~ I 

SCN" 150raM I;'~-;:-:"'.:l ~ : ' " ' :  

10 min 

[cl-]~ 

~///._ :_6.~.[_6~_-'Z 7////a 
[w] ~sol o I ~so I o I ~so I 

FIGURE 1. Measurement of [Cl-]i in acinar cells. Acinar cells loaded with SPQwere perfused with 
C1--free solution B for 20 min before perfusion with solution G (SCN-) (trace a). After completion 
of fluorescence quench, the cells were perfused with solution B containing 10 p.M tributyltin and 2.5 
IzM nigericin and then a mixture of solution A (NaC1) and solution B to yield the indicated [CI-]. 
For the experiment in trace b, the cells were perfused with solution A, solution B, solution E (HCOL 
NaCI), or solution F (HCOL CI- free). At the end of this experiment the cells were perfused with 
solutions F and G containing tributyltin and nigericin to determine the anion-dependent fluores- 
cence and calculate [Cl-]i. 

cence signal was obta ined by exposing cells incubated in C1--free m e d i u m  to the 
highly pe rmeab le  anion SCN-. To  calibrate the dye in the cells, [Cl-]i was c lamped 
by bathing the cells in m ed i um containing 145 mM K § (KT ~ K+o), the K + / H  + ex- 
change ionophore  nigericin, the C 1 - / O H -  exchanger  tributyltin, and  different CI- 
concentrat ions.  Under  these conditions [Cl-]i follows [Cl-]o. Calibration proce- 
dures similar to that in Fig. 1 a yielded a Stern-Volmer constant  (Kq) for SPQ in the 
cells o f  17.3 --+ 0.8 M -~ (n = 5), which is close to that repor ted  before  with o ther  
cell types (Chao, Dix, Sellers, and  Verkman,  1989; Chao, Widdicombe,  and  Verk- 
man,  1990; Foskett, 1990). Previous studies showed that the Kq for  SPQ in solution 
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is affected by p H  and the type of  buffer  used (Vasseur, Frargne, and Alvarado, 
1993). We therefore  tested the effect of  pHi on dye fluorescence. After c lamping 
pHi at 7.2 and [C1-]i at 0, 20, or  100 mM with the i onophore s /h igh  K + medium,  
the cells were perfused with the same solutions buffered to p H  of  7.6. Fluorescence 
intensity changed by < 5 %  and only at 0 [Cl-]i conditions (not shown). The  sensi- 
tivity of  SPQ and o ther  Cl--sensitive dyes to carboxylate groups probably accounts 
for the minimal  effect of  pHi  on the dye in the cells (Koncz and  Dougidas, 1994). 
Using a Kq of  17.3 and measu remen t  of  total an ion-dependent  fluorescence, the 
[Cl-]i of  resting acinar cells was found  to be  65.4 +_ 4.2 mM (n = 58). 

Fig. 1 b compares  the rate of  C1- effiux and influx in the presence and absence of 
HCO~.  Exposing the cells to a HCO~-buffered  med ium caused a transient increase 
in [CI-] i. This was probably due to accumulat ion of  intracellular HCO~ and activa- 

8 

,-r 

'n 

Bumetanide 0.1 mM r / / / / / / / J  r / / / / / / l ~ i  
[cr]15Ol o I 15o RSOl o I 15o 

Bumetanide 0.1 mM r / / / / / / / J  r / / / / / / / J  
[or] 1SOl o I 1so 15Ol o I 1so 

CO?JHCO~" CO~/HCO~" 

FIGURE 2. C1- fluxes by the NaK2CI cotransporter. In experiments a and b, SPQ-loaded acinar 
cells in solution A (NaC1) were perfused with C1--free solution B. As indicated, solution A (a) or so- 
lution B (b) contained 0.1 mM bumetanide. For the experiments in c and d, cells in solution A 
(HEPES) were perfused with solution E (HCO~) for at least 10 min before solution changes. All so- 
lutions in experiments c and dwere buffered with CO2/HCOL Where indicated, the cells were per- 
fused with solutions E (NaC1) or F (HCOg, C1- free) and with or without 0.1 mM bumetanide. 

tion of  the C I - / H C O ~  exchanger .  The  C1- /HCO~ exchanger  of  acinar cells trans- 
ports HCO~ but  not  O H -  (Muallem and Loessberg, 1990a). Removal of  external  
CI- in the presence  and  absence of  HCOg increased SPQ fluorescence to the same 
extent,  indicating similar deplet ion of Cl-i. However, HCO~ increased the rate of  
C1- effiux f rom 8.83 _+ 0.31 to 21.9 _+ 0.96 m M / m i n  and  the rate of  Cl- influx f rom 
9.25 + 0.43 to 20.2 + 0.74 m M / m i n  (n = 12). Again, this is likely due to activation 
of  the C1- /HCO~ exchanger  by HCO~.  

Ion  substitution and  several inhibitors were used to identify the transporters me- 
diating C1- fluxes in the presence and  absence of  HCO~. Fig. 2, a and b, shows that 
the NaK2C1 cotranspor t  inhibitor bumetan ide  inhibited C1- influx and  effiux of  
cells ba thed  in HEPES-buffered med ium (62 + 8%, n = 3). In the presence of  
HCOg,  bumetan ide  had a relatively small effect on the rate or  extent  of  CI- fluxes. 
The  results in Fig. 3 a provide fur ther  evidence for NaK2C1 cont ranspor t  in acinar 
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cells by showing that removal of  external K + was as effective as bumetanide in in- 
hibiting C1- influx. 

The partial inhibition of  CI- fluxes by bumetanide and removal of  external K § 
suggest the presence of  additional CI- transport  mechanisms in acinar cells. Fig. 3, 
b-d, shows that some of  these fluxes are probably mediated by NaC1 cotransport.  
Removal of  extracel lular  Na § almost complete ly  inhibi ted  C1- influx into CI-- 
depleted cells (Fig. 3 b). In addition, the NaCI cotransport  inhibitor thiazide (TZ) 
(Gamba, Miyanoshita, Lombardi,  Lytton, Lee, Hediger,  and Hebert ,  1994) partially 
inhibited CI- effiux (Fig. 3 c) and C1- influx (Fig. 3 d) in acinar cells. Effects of  TZ 
could be demonstra ted in HEPES (Fig. 3) but  not  in HCOg- buffered medium (not 
shown), due to the dominance  of  the CI - /HCO~ exchanger  in CI- fluxes. 

J 

5 min 

[ K+] 5 r./~,,~o~ff/J 5 [Na +] 145 r . / / j =o / j l l  145 
[Cr]lSOl o I 1so [cr] o I 1so 

TZ 0.1ram ~ 
[cr] ~sol o I ~ ~sol o 

FIGURE 3. NaCI cotransport in pancreatic acini. In experiment a, cells incubated in solution B 
(C1- free) were exposed to solution D (K + free) and then to solution A to test the effect ofKo + on C1- 
influx. In experiment b, cells incubated in solution B were exposed to solution C (Na + free) and 
then to solution A to test the effect of Nao + on C1- influx, In experiments c and d, the cells were per- 

fused with soludon A or B and in the presence or absence of 0.1 mM TZ as indicated. 

N a  + Transport 

The previous section showed the transport  of  CI- by two Na*-dependent  mecha- 
nisms. To evaluate their relative role in Na + transport  and the presence of  o ther  
Na + transporters, intracellular Na + concentrat ion ([Na+]i) was measured with the 
Na+-sensitive fluorescent dye SBFI. Fig. 4 a shows an in situ calibration of  the SBFI 
fluorescence ratio. The membrane  was permeabilized to monovalent  ions with the 
ionophores  gramicidin and monensin.  Under  these conditions, changes of  Na+o re- 
sulted in rapid and stable changes in the fluorescence ratio. Assuming a 1:1 stoichi- 
ometry for the interaction of  Na + with SBFI (Minta and Tsien, 1989; Harootunian,  
Kao, Eckert and Tsien, 1989), the dye in pancreatic acinar cells showed an appar- 
ent  Kd for Na + o f ~ 3 9  - 7 mM (n = 4). Using this Kd, [Na+]i in resting pancreatic 
acinar cells was found to be 11.7 _ 0.5 mM (n = 36). 
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Fig. 4 b shows tha t  r emova l  o f  Na+o r e su l t ed  in d e p l e t i o n  o f  Na~ a n d  tha t  a d d i t i o n  
o f  Na+o caused  [Na+]i to inc rease  to n o r m a l  levels w i thou t  a n o t i c e a b l e  overshoot .  
Na  § eff lux a n d  in f lux  ra tes  r e m a i n e d  the  s ame  w h e n  this p r o c e d u r e  was r e p e a t e d  
u p  to t h r e e  t imes.  T h e  m e m b r a n e  p e r m e a b i l i t y  to N a  § was e s t i m a t e d  f r o m  inhib i -  
t ion  o f  the  N a  § p u m p  with o u a b a i n ,  which  is the  m a j o r  N a  § eff lux m e c h a n i s m  in 
res t ing  cells. A d d i t i o n  o f  100 txM o u a b a i n  caused  [Na+]i to inc rease  a t  an  ini t ia l  

2.7 

2.1 
o 
n," 

8 1.s 

o 0.9 
u. 

03 

[Na+lmM 1451 
7"515 l 

0 11451 0 I~l~l 1301451601 so I 0 I 
I Gramicidin 2.5 ItM + Monensin 2 ItM I 

10 min 

[Na+]i mM 

OL 

[Na+lout145~.[0"~j 145 ~ [ 0 " / ~  145 ~'_(~/ / /J 1 4 5 1  
I Ouabain 100 Ira I 

F m u ~  4. Measurement of [Na+]i in acinar cells�9 In experiment a, acinar cells loaded with SBFI 
were perfused with solution C (Na + free). Then the cells were incubated in solution C containing 
2.5 p,M gramicidin and 2 p,M monensin, or mixtures of solution A and C to give the indicated 
[Na+], which also contained the ionophores. The Na+-dependent change in the fluorescence ratio 
was recorded at excitation wavelengths of 340 and 385 nm. In experiment b, the cells were alter- 
nately perfused with relations A (NaCI) or C (Na + free). Where indicated, the perfusion medium 
contained 0.I mM ouabain. 

ra te  o f  ~ 1 . 5 6  +- 0.11 m M / m i n ,  which  was t h e n  g radua l ly  r e d u c e d  to 0.68 - 0.08 
m M / m i n  (n = 6). S imi la r  resul ts  were  o b t a i n e d  w h e n  the  N a  § p u m p  was i n h i b i t e d  
by r emova l  o f  e x t e r n a l  K § (see Z h a o  a n d  Mua l l em,  1995). T h e  low N a  § p e r m e a b i l -  
ity o f  res t ing  cells was m a i n t a i n e d  for  m a n y  minu tes .  In  fact,  i n c u b a t i o n  o f  res t ing  
a c i n a r  cells  with o u a b a i n  fo r  30, 60, a n d  120 ra in  caused  [Na+]i to i nc rease  to 21 -+ 
4, 46 - 6, a n d  102 + 7 m M  (n = 3), respectively�9 However ,  r e mova l  a n d  a d d i t i o n  o f  
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Na § to the incubation m ed i um of  ouabain-treated acini resulted in relatively rapid 
Na § fluxes, but  again without causing an overshoot  (Fig. 4 b). 

The  most  reproducible  protocol  to identify mechanisms of  Na § t ransport  in aci- 
na t  cells was to measure  Na § influx into cells incubated in the absence of  Na+o. Fig. 
5, a-c, shows that TZ and TEA had no measurable  effect on Na § influx. The  con- 
centrat ions of  TZ and TEA used were opt imal  in affecting ~Rb uptake  in resting 
and st imulated cells (see below). Increasing TZ up to 0.5 mM and TEA up  to 20 
mM had no fur ther  effect on Na § influx or 86Rb uptake (not shown). On  the o ther  
hand,  bumetan ide  inhibited the rate and  extent  of  Na § influx by ~32%,  and  re- 
moval of  bumetan ide  resulted in recovery of  normal  [Na+]i (Fig. 5 d). These find- 
ings were cor robora ted  by testing the effect o f  external K + and  CI- on  Na § influx. 
Fig. 6 shows that removal  of  external K § (Fig. 6 b, top) or  external C1- (Fig. 6 d, bot- 
tom) reduced  the rate o f N a  + influx by ~B7%. In the absence of  external  K +, [Na+]i 

[Na+]l (mM) 

15 

5 mln 

i 

0 Na + 145 Na + 

0 Na + "1 145 mM Na + 

0.1 mM Bum 

FIGURE 5. Na + influx by the 
NaK2CI cotransporter. In all experi- 
ments, the cells were perfused with 
solution C (Na § free). After stabiliza- 
tion of [Na+]i, the cells were per- 
fused with solutions C and then A 
(+Na +) (a) also containing 0.1 mM 
TZ (b), 5 mM TEA (c), or 0.1 mM 
bumetanide. Where indicated in 
trace d, bumetanide was removed by 
perfusion with solution A. 

did not  stabilize at a reduced  level, probably due to inhibition of  the Na § p u m p  
(Fig. 6 b). In the absence of  Clo and  the presence  of  Na+o, [Na+]i stabilized below 
resting level and  addit ion of  Clo caused a fur ther  increase�9 in [Na+]i. 

The  results in Figs. 5 and  6 indicate that  a small por t ion (30-35%) o f N a  + influx 
into acinar cells is media ted  by the NaK2CI cotransporter ,  whereas most  of  the in- 
flux is media ted  by a K+o - and  Clo- independent  mechanism.  This is likely to be the 
N a + / H  § exchanger .  It  was not  possible to test directly the contr ibut ion of  the ex- 
changer  to Na § influx using SBFI since amiloride and  all analogues tested en tered  
the cells and  domina ted  the fluorescence. Another  alternative was to use the new 
Na+-sensitive f luorescent  dye Na+-Green. Fig. 7 shows the behavior  of  this dye in 
pancreat ic  acinar cells. In ~ 3 1 %  (29/94) of  the experiments ,  the dye appea red  to 
be located in the cells, probably in the cytoplasm (Fig. 7 a). Hence ,  removal  and  re- 
addit ion of  Na+o resulted in relatively small and slow changes in the fluorescence. 
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Exposing the cells t o  digitonin caused an initial increase in fluorescence, probably 
due to an increased permeability of  the plasma membrane  to Na + before perme- 
abilization to Na+-Green. Subsequently, the cells lost ,'-,84 - 9% (n = 8) of  their 
fluorescence. On  the other  hand, in ~69% (65/94) of  the experiments, a signifi- 
cant amount  of  the dye (between 65 and 96%) was localized in a digitonin-insensi- 
tive space. This port ion of  the dye rapidly responded to changes in external Na + 
before and after digitonin treatment (Fig. 7 b). In addition, the changes in fluores- 
cence due to removal and addition of  Na + were not  affected by any combination of  
Na § transport inhibitors or removal of  K § and CI- from the medium. Therefore, 
we believe most of  the dye was localized in the external surface of  the plasma mem- 
brane. We attempted to improve dye loading with little success. The parameters 
tested (between 2 to 3 experiments each) were the incubation temperature (20- 
37~ loading time (1-60 min), dye concentration (0.5-10 ~M), number  of  cells 

[Na+]i (mM) 

20 

a b 

o OK+ b 

001" ~ - -  

FIGURE 6. Effect of Ko + and Clo 
on Na + influx. In experiments a 
and b, acinar cells incubated in 
solution C were exposed to solu- 
tion C in which 5 mM NMG+C1 - 
replaced 5 mM KC1 (K § free and 
Na + free) and then to solution A 
(trace a~ control) or solution D 
(K + free, Na + containing) (b). In 
experiments c and d, cells in solu- 
tion C were exposed to solution 
C in which 145 rnM NMG + Glu- 
replaced 145 mM NaC1 and then 
to solution A (c) or solution B 
(CI- free) and solution A (d). 

(20-200 mg/ml ) ,  and structural units (single cells, small and large acinar clusters). 
At 37~ and at incubation times above 20 min, the dye behaved as if it was mostly 
extracellular. Loading freshly prepared cells at room temperature for 15 min re- 
sulted in a sufficient fluorescence signal to allow reliable measurement  of  [Na+]i 
changes when the dye was mostly intracellular (31% of cells). The effect of  the 
other  parameters tested was not  obvious. In a preparation where the dye was intra- 
cellular or extracellular, most of  the cells in this preparation showed similar dye lo- 
calization. 

The advantage of  using Na+-Green is that the contribution of  the Na+ /H  + ex- 
changer  to Na + fluxes can be directly studied using amiloride analogues. This 
transporter has a prominent  role in Na + homeostasis in resting and stimulated cells 
(see below) so that direct evaluation of  its contribution is important. Fig. 7 d shows 
that complete inhibition of  the N a + / H  + exchanger  with 25 ~M dimethylamiloride 
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(DMA) r e d u c e d  the rate o f  Na § influx by 67 _ 4.6% (n = 11). Bumetan ide  to- 
ge the r  with DMA inhib i ted  the influx by 86 --- 6.6% (n = 5). Removal  o f  the block- 
ers resul ted in recovery o f  rest ing [Na+]i. It was no t  possible to reliably calibrate the 
Na+-Green signals because  this dye does no t  have isosbestic po in t  with respect  to 
Na  § which p reven ted  cor rec t ion  for  dye leak, pho tob leach ing ,  and  extracel lular  

g 

r 

=o 
,n" 

Na + - Green 

"x._f 
Na + (mM) 145 ~ - ~ / # , , f ~  145 ~ 9 ~ 1 4 5  

[ Digltonin 10 p.g/ml 
b 

Na + (raM) 145 [~-0-~] 145 ~-0-~ 145 
I Dlgitonln 10 pghnl 

~ _Smin 

[ ~  Control 
I d I DMA (25 p.M) 
I �9 I DMA + Burn (0.1 raM) 

FIGURE 7. Measurement of [Na+]i with Na+-Green. In experiments a and b, acinar cells loaded 
with Na+-Green were alternately perfused with solution A (NaC1) or solution C (Na + free). Where 
indicated, the solutions contained 10 p.g/ml digitonin to permeabilize the cells to the dye. In exper- 
iments c-e, cells loaded with intracellular Na+-Green were incubated with soludon C and then per- 
fused with solution A (control, c) containing 25 p.M DMA (tO or DMA and 0.1 mM bumetanide (e) 
and finally with solution A. 

binding.  Nonetheless ,  when  mos t  o f  the dye was intracellular,  it s eemed  to accu- 
rately r epo r t  the con t r ibu t ion  o f  the N a + / H  § e x c h a n g e r  to Na  § homeostasis .  

T he  f luorescent  p robes  r epo r t  the ne t  changes  in the concen t r a t i on  o f  the rele- 
vant  ions. To  study the re la t ionship be tween the t ranspor ters  we had  to measure  
their  activity at steady state. To  achieve that, we fol lowed the unid i rec t ional  influx 
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o f  K + using 86Rb, which did no t  require  a pr ior  change  o f  the steady state level o f  
any ion. These  results are  summar ized  in Fig. 8. Prel iminary exper iments  showed 
that  S6Rb up take  was l inear  for  at least 6 min  at 37~ The  first 4 min  o f  the uptake  
is illustrated in Fig. 8. Inhib i t ion  o f  the Na  + p u m p  o f  rest ing cells with 0.5 mM oua- 
bain r e d u c e d  the rate o f  SnRb by ~'-'14%. Similar results were ob ta ined  with 0.1 o r  up  
to 2 mM ouabain .  Bumetan ide  inhibi ted the up take  by ~ 2 9 % .  However,  the combi-  
na t ion  o f  ouaba in  and  b u m e t a n i d e  inhibi ted  the up take  by 97%. Hence ,  there  was 
a large overlap be tween the ouabain-sensitive and  bumetanide-sensi t ive S6Rb up- 
take into pancreat ic  acinar  cells. 

~" 40 

~ 2o 

C O N T R O L  D M A  20pM TZ 0.1mM 

�9 Control 
O Oua O.5mM 
A Bum 0.1mM 
�9 Oua + Bum 

~ t r ~  
2 4 0 2 4 0 2 4 0 2 4 

Time (min) 

FIGURE 8. Properties of ~Rb influx into pancreatic acinar cells. Acinar cells in solution A were in- 
cubated for 20 min at 37~ before diludon into solution A containing ~Rb and either no further ad- 
ditions (solid circles), 0.5 mM ouabain (open circ/es), 0.1 mM bumetanide (open triangles), or ouabain 
and bumetanide (solid triangles). In some experiments, the incubation solution also contained 20 
~M DMA ( second column), 5 mM TEA (third column), or 0.1 mM TZ (fourth column). At the indicated 
times, samples were removed to determine the cellular content of ~Rb, as described in Materials 
and Methods. All points are the mean - SEM of three to four separate experiments performed in 
duplicate. The SEM are shown only for the experiments in the first column, but they were similar for 
all experiments. 

Inh ib i t ion  o f  the N a §  + exchange r  with DMA enhanced ,  ra ther  than  reduced ,  
86Rb uptake  by 18.6 _+ 3.4% (n = 4, P < 0.05). Fu r the rmore ,  in the presence  o f  
DMA ouaba in  inhibi ted  S6Rb uptake  by 33.4 + 1.9% and  b u m e t a n i d e  inhibi ted  
S6Rb up take  by 66.9 -+ 2.7%. Thus,  in the presence  o f  DMA, ouaba in  and,  in partic- 
ular, b u m e t a n i d e  a lone  were m o r e  effective in inhibi t ing 86Rb uptake.  A similar 
t r end  was observed with TEA and  TZ. The  increase in Na  + uptake  due  to TEA or  
TZ was between 6 a nd  10% but  did no t  reach  statistical significance. A l though  oua- 
bain appears  m o r e  effective in the p resence  o f  e i ther  blocker,  the effect was rela- 
tively small. However,  bo th  blockers  significantly increased the f ract ion o f  bumet -  
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anide-sensitive 86Rb uptake (Fig. 8). In the presence of TEA bumetanide-sensitive 
uptake (21.3 nmol /mg protein/4 min) was about twice that in the absence of TEA 
and accounted for 49.7 + 3.8% (n = 3) of the uptake. In the presence ofTZ, bu- 
metanide inhibited the uptake by 40.4 --- 4.2% (n = 3). 

D I S C U S S I O N  

In addition to digestive enzymes, pancreatic acinar cells secret isotonic, plasma-like 
fluid (Schulz, 1987; Case, 1989). This requires the vectorial, transepithelial trans- 
port of Na + and C1-. Most of the CI- transport is transcellular, whereas ~70% of 
Na § is transported through a paracellular pathway (Kuijpers and dePont, 1987; 
Case, 1989). It is generally accepted that C1- exits the AM through Ca~+-activated 
C1- channels (Petersen and Findlay, 1987; Petersen, 1992). However, the C1- entry 
pathway(s) at the basolateral membrane is not known. To identify the dominant 
pathway of C1- entry during stimulation of fluid secretion, it was necessary to char- 
acterize the properties of C1- transport in acinar cells. CI- transport is directly or 
indirectly coupled to the transport of Na § and K § In fact, a tight coupling between 
Na § and C1- influx into stimulated acinar cells has been reported (O'Doherty and 
Stark, 1983). Therefore, it was also necessary to examine the role of Na § and K + in 
CI- transport and the relationship between the various transporters controlling the 
cytosolic concentrations of CI-, Na § and K +. Indeed, the overall conclusion of the 
present studies is that the various transporters appear to be sensitive to the concen- 
tration of intracellular K § and Na § and electrolyte secretion is regulated through 
modulation of [Na+]i. 

Cl- Transport 

Measurements with SPQ showed that in resting acinar cells, [Cl-]i was 65.4 mM, 
which is approximately fourfold above equilibrium. This value is close to the 68.9 
mM reported in mouse acinar cells using C1- selective microelectrodes (O'Doherty 
and Start, 1983). Several transporters were found to support the uphill transport of 
C1- in acinar cells. The first is a NaK2CI cotransport system. Previous studies re- 
ported the presence of a furosemide-sensitive K § and 86Rb efflux in mouse pancre- 
atic acini (Singh, 1984; Petersen and Singh, 1985). Here we show that in the ab- 
sence of HCO~ this transporter mediates ~70% of CI- and 30% of Na + uptake into 
the cells. Thus, C1- influx and efflux could be partially inhibited by bumetanide or 
removal of external K § or Na § and Na + influx was partially inhibited by bumet- 
anide and removal of external K § or C1-. Another CI- transporter not described 
before in pancreatic acini is the NaCI cotransporter. TZ is a relatively specific inhib- 
itor of this transporter (Gamba et al., 1994). TZ reduced C1- influx and efflux in 
acinar cells. Removal of K+o inhibited, but did not prevent, CI- influx into C1-- 
depleted acinar cells. Only in the absence of Na+o (and in the presence or absence 
of K+o) was C1- influx largely inhibited. This also indicates that in the absence of 
HCO~, the Na+-dependent cotransporters mediate most of CI- fluxes in acinar 
cells. 

A different behavior was found in the presence of HCO~. Under these condi- 
tions, the C1-/HCO~ exchanger dominated the CI- fluxes. Not only did HCO] 
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more than double the rates of  Cl- influx and effiux, but  bumetanide had minimal 
effect (Fig. 2), whereas TZ and TEA had no apparent  effect (not shown) on C1- 
fluxes. By following pHi, we have previously shown the presence o f a  C1-/HCO~ ex- 
changer in acinar cells that transports HCO~ but  not  O H -  (Muallem and Loess- 
berg, 1990a). The measurement  of  [C1-]i provides the first evidence that the C1-/ 
HCOg exchanger  dominates Cl- fluxes in acinar cells. An important  implication of  
these findings is that the mechanism of fluid and electrolyte secretion by pancre- 
atic acini is fundamentally different from that of  the various salivary acinar cells 
(Petcrsen, 1992). In salivary acinar cells, the NaK2CI cotransportcr  is the major C1- 
influx pathway in the BLM (Foskctt, 1990; Robertson and Foskett, 1994) and plays 
a central role in electrolyte secretion by these cells (Young, Cook, van Lennep,  and 
Roberts, 1987; Petersen, 1992). Our  findings indicate that in the presence of 
HCO~, the cotransporter  had a minimal role in transcellular C1- transport  in pan- 
creatic acinar cells and that most of  the C1- entry across the BLM is mediated by 
the C1-/HCO~ exchanger.  Indeed furosemide had minimal effect (Scow et al., 
1986) or no  effect (Ishikawa and Kanno, 1991) on fluid and electrolyte secretion by 
pancreatic acinar cells. Continuous functioning of  the C l - /HCO~ exchanger  dur- 
ing electrolyte secretion requires the parallel activation of  the N a+ /H  + exchanger  
to maintain stable pHi. Activation of  the N a+ /H  + exchanger  can also fuel the Na + 
pump. Measurements of  [Na+]i confirmed the coupling between the Na+ /H + ex- 
changes and the Na + pump. 

N a  + Transport 

Measurements with SBFI showed that in resting acinar cells, [Na+]i was H11.7 mM. 
Previous measurements with Na+-selective microelectrodes repor ted  a resting 
[Na+]i of between 8.3 and 10.5 mM (O'Doherty and Stark, 1982, 1983). The Na + 
permeability of  resting cells was low, as evident from the rate of  [Na+]i increase af- 
ter inhibition of the Na § pump with ouabain or removal of  K+o. Therefore ,  to iden- 
tify the transporters mediating Na + influx, it was necessary to deplete the cells from 
Na +. In addition to the NaK2C1 and the NaCI cotransporters, a voltage-indepen- 
dent, nonselective cation channel  (Maruyama and Petersen, 1982; Petersen, 1992) 
and a Na+ /H + exchange mechanism (Muallem and Loessberg, 1990a) can medi- 
ate Na + influx into acinar cells. The  present  studies show that in the presence of  
Cl-, the NaC1 cotransporter  and a TEA-sensitive channel  had minimal effect on 
Na § influx into Na+-depleted cells. A significant part of  the influx was dependen t  
on the presence of  K+o and Clo, and inhibited by bumetanide,  suggesting that the 
NaK2C1 cotransporter  mediates some of  the Na § influx into Na+-depleted cells, 
even when the cells contained Cl-. However, most of  the Na + influx (65-70%) was 
sensitive to amiloride and therefore mediated by the Na+ /H + exchanger.  

In resting cells, all the Na § transporters operated at a fraction of  their maximal 
capacity. This is evident f rom the low Na + permeability of  the cells and the small ef- 
fect of  the various blockers on [Na+]i. This is despite an inwardly directed driving 
force for the NaCl and NaI~C1 cotransporters. It is well established that the Na+/ 
H § exchanger  is sensitive to pHi (Aronson, Nee, and Suhm, 1982; Grinstein and 
Foskett, 1990), with minimal activity at physiological pHi. It is likely that the other  
transporters are also regulated to maintain low activity in resting cells. Recently we 
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have shown that the NaK2CI cotransporter  is sensitive to [Na+]i (Whisenant, 
Khademazad, and Muallem, 1993). Similar findings were repor ted  in ciliary epithe- 
lial cells (Dong, Delamere, and Coca-Prados, 1994). In parotid acinar cells, all ma- 
j o r  Na + influx transporters appear  to be sensitive to [Cl-]i (Robertson and Foskett, 
1994). A combinat ion of  these regulatory mechanisms is likely to minimize the ac- 
tivity of  the Na + influx transporters in resting acinar cells. 

Coupling of Transporters 

Measurement  of  SrRb fluxes revealed an intimate relationship between the various 
transporters (Fig. 8). The  model  in the accompanying manuscript  (Zhao and 
Muallem, 1995) illustrates these findings. All the Na § transporters feed the Na § 
pump to fuel Na § effiux and K § influx. Because the transport  of  Na § is coupled to 
o ther  ions, the transporters also respond to changes in the concentrat ions of  these 
ions. For example, the NaC1 cotransporter  responds to the internal concentrat ion 
of  Na § and C1- and the NaK2C1 cotransporter  to the intracellular concentrations 
of  all ions. The  first of  these relationships is noted when nei ther  bumetanide  nor  
ouabain alone can inhibit 86Rb influx, whereas in the presence of  both blockers, K § 
influx is completely blocked. Obviously, when the NaK2C1 cotransporter  is inhib- 
ited, another  transporter  is mediating Na § influx into the cells to fuel the Na § 
pump. This t ransporter  appears to be the N a+ /H  § exchanger  (Fig. 8). When the 
Na § pump is blocked, the NaK2C1 cotransport  activity is increased (compare the 
bumetanide  sensitive uptake in the presence and absence of  ouabain).  Hence,  it 
seems that the activities of  the cotransporter  and the Na § pump are modified to 
complement  each other  with respect to K § influx. In resting cells, the coupling is 
unlikely to be through [Na+]i, since inhibition of  Na § influx by the cotransporter  
should reduce Na + pump activity, and an increase in [Na+]i due to inhibition of  the 
Na § pump is expected to inhibit net  Na § uptake by the cotransporter  (Whisenant 
et al., 1993). Thus, it is likely that in resting acinar cells, the Na+/K + pump and the 
NaK2CI cotransporter  are coupled through [K+]i . In this case the two transporters 
should be sufficiently sensitive to detect  small changes in [K+]i in the presence of  
140-145 mM K § One way to achieve that would be if the transporters are localized 
next  to each other  to affect the local concentrat ion of  K § The influence of  [K+]i 
on NaK2CI cotransport  and the Na § pump is not  well understood,  al though effects 
of  [K+]i on partial reactions mediated by the two transporters have been described 
(Glynn, 1985; Lauf, McManus, Haas, Forbush, Duhm, Flatman, Saier, and Russell, 
1987). 

A major form of  coupling appears to be through the supply of  Na § to the Na § 
pump.  Inhibition of  Na § influx through the nonselective channel  (TEA), the NaCl 
cotransporter  (TZ) or the Na+ /H § exchanger  (DMA) increased the total but, in 
particular, the bumetanide-sensitive SrRb uptake. Since changes in coupling stoichi- 
ometry of  the Na + pump by the blockers are not  likely, the increased S6Rb uptake 
indicates that the activity of  the NaK2C1 cotransporter  is increased to compensate  
for the reduction in Na § influx. Since Na § influx is now coupled to K + influx, the 
total and bumetanide-sensitive fluxes are increased. The overall effect is increased 
coupling between the activities of  the Na § pump and the NaK2C1 cotransporter.  In 
addition, these findings show that the relative contribution of  the different trans- 
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po r t e r s  to N a  + in f lux  can  be  eva lua t ed  f r o m  the i r  ef fec t  o n  bume tan ide - sens i t i ve  
atRb up take .  Thus ,  the  N a + / H  § e x c h a n g e r  c o n t r i b u t e s  twice m o r e  t h a n  the  co- 
t r a n s p o r t e r  a n d  t h r e e  t imes  m o r e  t han  the  NaC1 c o t r a n s p o r t e r  a n d  the  TEA-sensi-  
five c h a n n e l  to N a  § in f lux  in res t ing  cells (Fig. 8; Z h a o  a n d  Mau l l em,  1995). 

C o u p l i n g  a m o n g  the  t r an spo r t e r s  t h r o u g h  the  c o n c e n t r a t i o n s  o f  NaT a n d  KT in- 
d ica tes  tha t  mos t  o f  the  t r an spo r t e r s  a re  l ikely to be  r e g u l a t e d  by these  ions  
t h r o u g h  i n t e r a c t i o n  with a cytosolic d o m a i n .  I t  is also l ikely tha t  agonis t s  t ha t  s t imu- 
late  e lec t ro ly te  s ec r e t i on  by p a n c r e a t i c  a c ina r  ( and  p r o b a b l y  o t h e r )  cells d o  so by 
m o d i f i c a t i o n  o f  NaT a n d / o r  KT. T h e  c o m p a n i o n  ar t ic le  (Zhao  a n d  Mua l l em,  1995) 
desc r ibes  how p a n c r e a t i c  s ec r e t agogues  r e g u l a t e  the  activity o f  specif ic  t r a n spo r t e r s  
to m o d u l a t e  [Na+]i a n d  the  overa l l  p rocess  o f  f lu id  a n d  e lec t ro ly te  s ec re t ion  by aci- 
n a r  cells. 
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