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The role of Na + in fluid secretion by the isolated rabbit pancreas was investigated. The fluid secretion rate is reduced 
upon replacement of Na + in the bathing medium by Li +, k ~ or choline. The inhibition depends on the nature of the 
~ubstituting cation, and is largest with choline. Upon replacement, the substituent cation appears in the secreted fluid. 
and the Na + concentration in the secreted fluid is decreased in a mirror-like fashion. When Na + is replaced by Li + or 
choline, the secretory Na + concentration is decreased, although less than in the bathing medium, and the K + 
concentration is increased. When Na + is replaced by K +, the Na + and the K + concentration in the secreted fluid are 
approximately equal to their bathing medium concentrations. In the Li + and choline medium, stimulation of the 
pancreas by carbachol or CCK-$ increases the fluid secretion rate. In addition, it increases the Li + or choline 
concentration, and decreases the Na + and K + concentrations in the secreted fluid. In normal and K + medium, 
stimulation causes only a slight increase in fluid secretion rate, with no change in the secretory Na + concentration. In 
normal medium, stimulation leads to a decrease in the secretory K + concentration. The effects of replacing Na + appear 
to be the result of a direct inhibition of the active HC03- transport underlying secretion, and an indirect inhibition 
related to the permeability of the pancreas for the various cations. The stimulants are likely to act by increasing the 
permeability of the tight junctions. 

Introduction 

The isolated rabbit pancreas spontaneously secretes a 
fluid with a high concentration of H C O f .  Fluid secre- 
tion can be stimulated by seeretin, but not by acetyl- 
chofine or CCK. The fluid secretion process appears to 
be based on a Na+-gradient dependent transport of 
H C O f  through the cell [1-4]. The cations Na + and K + 
are thought to be transported via a paracellular route 
[5], while CI -  enters the secretory lumen through either 
a transcellular or a paraeeUular pathway [3]. 
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Passive, paracellular permeation of charged and un- 
charged molecules has been well documented for the 
rabbit pancreas [6]. The permeability for a given mole- 
cule that is passively transported through the epithelium 
can be described by an apparent reflection coefficient 
or by the ratio of its medium and secretory concentra- 
tion [7,8]. Thus, Na+ and K * appear to be freely and 
equally permeating, and the apparent reflection coeffi- 
cients for NaCI and KCI are 0.50 and 0.51, respectively 
[7]. In a normal incubation medium with Na + as the 
main cation, the concentrations of Na + and K+ in the 
secreted fluid are virtually equal to those in the bathing 
medium [5,9]. In contrast, choline and the divalent 
catiops Ca 2+ and Mg 2. appear in the secreted fluid in 
concentrations that are much lower than those in the 
bathing medium [1,5]. The uncharged molecules sucrose, 
lactose, mannitol and inulin, and horse radish per- 
oxidase (HRP) also permeate the epithelium at rates 
decreasing in this order [6,10]. 

The paracellular permeability can be increased by 
stimulants of the enzyme secretion process such as 
acetylcholine and the C-terminal octapeptide of chole- 
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cystokinin (CCK-8), as determined for Ca 2+ and  Mg 2+, 
and for sucrose, H R P  and  other uncharged molecules 
[6,7,10,11]. This permeability increase can be specifi- 
cally inhibited by low concentrations of receptor 
antagonists [6,12]. The paracellular passage of H R P  in 
the rabbit pancreas is mainly governed by the acinar 
cell junctions, since the permeability of these junctions 
is modulated by the stimulants [10]. Similar findings on 
tight junctional H R P  permeability have been obtained 
in the submandibular  gland of the dog and the rabbit  
and in the parotid gland of the rat  [13-15]. 

From the effects of the replacement of Na  + by K +, 
choline or sucrose it has previously been suggested that  
the paracellular permeability for the secretory ion is a 
determining factor for the rate of fluid secretion [5]. 
Therefore, we now investigate the effects of Na  + re- 
placement by various cations on fluid secretion rate and 
composition, and  the effects of stimulants on ion and  
fluid secretion under  the different conditions, and  relate 
these effects to the Na  + dependence of the fluid secre- 
tion process and the permeability for the various cations 
tested. Our  discussion and  conclusions are based on the 
conceptual model of secretion described in previous 
papers [4-7]. This model will be worked out mathemati-  
cally in the subsequent paper  [23]. 

Materials and Methods 

Preparation and incubation 
Male and female New Zealand white rabbits of 3 - 4  

kg are used. The animals are killed by  a blow on the 
neck, immediately followed by carotic exsanguination. 
The pancreas is prepared essentially as described by 
Rothman  [16] and modified by  us [17]. The isolated 
pancreas is mounted on a frame and incubated in a 
bath containing 350 ml bathing medium. The main 
pancreatic duct is cannulated and  the secreted fluid is 
collected. The pancreas is preincubated for 1 hour  in a 
balanced Kxebs-Ringer bicarbonate medium in order  to 
reach a steady-state condition. The composit ion of the 
medium is (in mmol / l ) :  Na  + 144, K + 4.9, Ca  2+ 2.5, 
Mg 2+ 1.2, CI -  131, HCO~- 25, H 2 P O 4 / H P O  ~-  1.2, 
glucose 5.5 (pH 7.4). The medium is continuously gassed 
with carbogene (95% 02,  5'~ CO2). After the preincuba- 
tion period, the medium is replaced by fresh medium 
and the experiment is started. The secreted fluid is 
collected in preweighed plastic tubes and  from each 
fraction samples are taken for the appropria te  assays. 

The first hour  of incubation (control period) is car- 
tied out in normal Krebs-Ringer medium. This is gener- 
ally followed by two experimental periods of 60 min 
each. In the first experimental period the normal  
medium is replaced by a medium in which Na  + is 
partially replaced by Li +, K + or choline and in the 
second experimental period carbachol or CCK-8 is ad-  
ded. The secretory rate and  composition of the secreted 

fluid reach a steady-state level within 30 -60  minutes of 
the first experimental period, For  calculations the mean 
values are taken of the final 20-min intervals of the 
control period and  the first experimental period, and of 
the 10-40-min interval after  st imulation in the second 
experimental period. In the experiments with radioac- 
tive tracers, [3H]sucrose (0.01 ,aM, 60 mCi /mo l )  or 
[14C]choline (2.8 laM, 1.5 m C i / m o l )  (RCA, Amersham, 
U.K.) are added to the bathing medium. In addition, 2 
mM cold sucrose or choline are added in the control 
and  experimental periods. 

The apparent  reflection coefficients for NaCI, KCI, 
LiCI and  choline chloride are calculated as the ratio of 
the percentage inhibition of the fluid secretion rate by 
100 mosM NaCI, KCI, LiCl or choline chloride and  the 
percentage inhibition by 100 mM sucrose, assuming a 
reflection coefficient of 1.0 for sucrose [7]. 

The statistical test applied was the t-test of Student 
for the difference between two means, for independent  
samples or dependent  samples. 

Determinations 
The volume of the secreted fluid fractions is de- 

termined by weighing the collecting tubes on an auto-  
matic Mettler electronic balance, assuming a fluid den- 
sity of 1.0. Samples of 5 -15  /tl bathing medium or  
secreted fluid are diluted with distilled water to 3 ml. 
Na  + and  K + in these dilute samples are measured in an 
Eppendorf  flame spectrophotometer  and  Li + is mea- 
sured by atomic absorpt ion spectrophotometry.  Calibra-  
tion curves for all three cat ions are virtually linear. 

The choline concentrat ion of the secreted fluid is 
calculated from the difference between the (Na + + K +) 
concentrat ion in the normal  medium of the preceding 
control period and  the (Na + + K +) concentrat ion in the 
choline medium. The C I -  concentrat ion of the ba th ing  
medium or secreted fluid is measured coulometrically 
by titration in an Aminco-Cotlove chloride titrator, and  
the HCO~- concentrat ion is calculated assuming that  
the (Na + + K + + cation) concentrat ion is equal to the 
(CI-  + HCO~- ) concentration.  

Results 

Effects of replacement of Na +by Li + 
Replacement of N a  + by Li + reduces the fluid secre- 

tion rate of the isolated rabbi t  pancreas  (Fig. 1). Upon  
the replacement of approx.  119 mM N a  + by 119 mM 
Li +, the Na  + concentrat ion in the secreted fluid de- 
creases to a value which is slightly higher  than its 
concentrat ion in the bathing medium, and Li + appears  
in the secreted fluid in a concentrat ion which is slightly 
lower than its bathing medium concentration.  In ad- 
dition, the K + concentrat ion in the secreted fluid is 
increased (Fig. 1, Table l), and  the CI -  concentrat ion in 
the secreted fluid is also increased (Table I). Fig. 2 
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Fig. I. Effect of replacement of Na + hy Li + and subsequent carbachol 
stimulation on the rate of fluid secretion (o). and the concentrations 
of Na + (ix) and K + (It) in the secreted fluid of the isolated rabbit 
pancreas. The dotted line indicates the rate of fluid secretion when 
atropine (10 -4 M) is given 5 rain after addition of carbachol (10 -5 

M). Values are means with S.E. of five experiments. 

shows  that  the fluid secretion ra te  is l inearly decreased 
wi th  the concent ra t ion  of  N a  + in the ba th ing  m e d i u m ,  
a n d  that  the  concent ra t ions  o f  N a  + and  Li ÷ in the  
secreted fluid are also l inearly related to the ba th ing  
m e d i u m  concent ra t ion  of  N a  +. 

In  no rma l  K r e b s - R i n g e r  m e d i u m ,  s t imula t ion  of  the  

panc rea s  wi th  carbachol  (10 -5 M)  marked ly  increases 
p ro te in  secret ion [16]. In  addi t ion,  the  K + concent ra t ion  
of  the  secreted fluid decreases  f rom 6.8 to 6.1 m M  
(Tab le  1). T h e  fluid secret ion ra te  is only sl ightly in- 
c reased  wi th  4%. However ,  when  N a  + is replaced by  
Li  + (approx.  119 raM),  carbaehol  marked ly  increases  
f luid secret ion immedia te ly  a f te r  its addi t ion  (Fig.  1, 
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Fig. 2. Dependence of fluid secretion rate (o )  and Na + (e) and Li + 
(A) concentrations in the secreted fluid on the Na + and Li + con- 
centrations in the bathing medium of the isolated rabbit pancreas. 
The results on fluid secretion rate are expressed as percentage of the 
secretion rate in normal Kmbs-Ringer medium. Results are given as 

means with S.E. for four or five experiments. 
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Fig. 3. Effect of 2,4.6-trlaminopyrimidin¢ (TAP) and subsequent 
carbachol stimulation on the rate of fluid secretion Io) and on the 
concentrations of Na* (,~l and K ÷ (el in the secreted fluid of the 
isolated rabbit pancreas, Values are means with S.E. of four experi- 

meres, 

Tab le  1). Concurrent ly ,  the K + and  N a  ÷ concent ra t ions  
in the secreted fluid decrease,  while the  Li + concentra-  
tion is slightly elevated (Table  I). T h e  increase in pro-  
tein ou tput  is the same  as in normal  m e d i u m  (results  
not  shown).  St imulat ion with C C K - 8  (10 -8 M)  in the 
Li + m e d i u m  has  the same  effects  on fluid secret ion rate  
and  ion concent ra t ions  in the secreted fluid as  s t imu-  
lat ion wi th  carbachol  (10 - s  M)  (Table  I). W h e n  only 
half  o f  the N a  + in the ba th ing  m e d i u m  is replaced by  
Li + (approx.  77 mM) ,  only the effect  o f  carbachol  
s t imula t ion  on the  K + concent ra t ion  is obvious  (Table  
1). 

F r o m  previous  studies,  we  know that  2,4,6-tri- 
aminopyr imid ine  (TAP)  inhibi ts  the  earbaehol - indueed  
increase of  the paracel lular  permeabi l i ty  for  small  non-  

electrolytes and  divalent  ca t ions  [18]. In  the  m e d i u m  
with  119 m M  of  the  N a  + replaced by  Li  +, addi t ion  of  
T A P  ( 5 . 1 0  -3  M)  clearly inhibi ts  the  effect  o f  carbachol  
(10-5  M)  on the fluid secret ion ra te  and  on  the decrease  
of  the  K + concent ra t ion  in the  secreted fluid, bu t  not  
the  effect  on prote in  secretion. T A P  by  itself has  no  
effect  on  ei ther  one  of  these pa rame te r s  (Fig.  3, Tab l e  

1), 
It  has  been found  previously that  the cholinerSic 

an tagonis t  a t rop ine  also inhibi ts  the increase of  the 
paracel lular  sucrose  pe rmea t ion  due  to earhaehol  s t imu-  
lation, even when  it is added  up to 10 rain a f te r  carbachol  
[6]. W h e n  a t rop ine  (10 -4  M)  is added  to the m e d i u m  
with  119 m M  Li + 5 rain af ter  add i t ion  of  earbachol  
(10 -5 M)  it reverses the increase in f luid secret ion ra te  

and  inhibi ts  the  decrease  of  the  K + concent ra t ion  (Fig .  
1, Tab le  I). 

Omis s ion  of  Ca  2+ f rom the  m e d i u m  con ta in ing  119 
m M  Li + has  no effect  on the  s t imula t ion  of  the  fluid 
secret ion rate  and  the decrease  of  the  K + concent ra t ion  
in the  secreted fluid by carbaehol  (10 - s  M)  (Table  I). 
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TABLE I 

Effects o f  N a  +-substitution and  stimulation on)quid secretion in the isolated rabbit pancreas 

The pancreas is incubated for successive 60-min periods in normal medium {control period), medium with Na ÷ replaced by another cation (first 
experimental period), and in the latter medium with the stimulant carbachol (10 -5 M) or CCK-8 (10 - s  M) added (stimulation period). The ionic 
composition of the media and the presence of stimulant are indicated, and the results on flow rate and composition of the secreted fluid are given in 
italics in the line(s) below. Values are means with S.E. from the final 20-rain intervals of the control and first experimental period, and from the 
10-4o-min interval of the stimulation period. N, number of experiments. 

Medium addition [ Na+ ]b [ K+ ]b [ Li÷ ]b [chOllb [CI- ]b N 
f low rate [ N o  ÷ I s  [ K  ÷ ] ,  [L i  * I s  [chol] ,  [CI  - ]. N 

Control - 146 4- 2 5.3 4- 0.1 1354-1 17 
catb 1474- 2 6.7 + 0.2 135 4-1 7 

I00  1 4 8 4 - 2  6 .84-0 .2  7 2 4 - 1  

104+_ 11 1464-  4 6.1 + 0 . 3  ~ - 81 ± 4 b 

Lithium - 67 4- 2 5.7 4- 0.2 74 4- 2 139 4- 5 6 
earb 67 4 2 6.1 4- 0.2 74 4- 2 1394- 5 6 

544-  7 "  7 8 4 - 1  ° 8 . 6 4 - 0 . 3  ° 7 3 4 - 2  8 3 4 - 7  a 

t~14- 8 7 5 4 - 2  Z 4 4 - 0 . 4  c 8 1 4 - 2  9 7 4 - 8  ¢ 

- 3,0,4-2 7.5-t-0.2 1054-4 1384-2 6 
CCK-8 36 4- 2 8.7 + 0.3 103 :i: 4 1384- 2 6 

354-  3 ° 4 5 + 1  ° 1 1 . 1 ± 0 . 4  ° 1 0 3 4 - 2 "  - 9 4 4 . 4  ° 

494-  5 ¢ 3 6 + 3  ¢ 9 . 0 4 - 0 . 9  ¢ 1 0 9 4 - 1  ¢ - 1 0 3 ± $  ¢ 

- 384-1 6.44-0.2 1074-2 - 1384-1 17 
354-  2 a 4 5 4 - 1  ° 9 . 1 4 - 0 3  a 1 0 5 4 - 3  a - 9 6 4 - 2  a 

earb 41 4-2 7.4+0.2 1074-4 - 1384-2 5 
524-  2 b 3 9 + 2  b 7 . 9 + 0 . 3  c 1 0 8 4 - 5  9 5 4 - 5  

curb-TAP 41 4- 3 7.4 4- 0.3 107 4- 5 - 138 4- 2 4 
364-  4 4 2 4 - 2  8 . 5 4 - 0 . 6  1 0 7 4 - 5  - 

carb + afro 41 + 3 7.4 4. 0.3 - 3 
414-  7 4 1 4 - 2  8 . 5 4 - 0 . 3  

curb-Ca 2 * 41 4- 3 7.44- 0.3 - 3 
594-  9 b - 7 .64 -0 .4  ¢ _ 

- 774-2 5.2+0.3 6 6 ± 2  1404-2 4 
CCK-8 81 + 2 6.5 + 0.3 624- 2 140 4- 2 4 

454-  4 ° 1 2 8 4 - 4 "  10 .54-0 .2  a 1 2 4 - 3  ° 7 7 4 " 3  

524-  5 1 0 4 + 2  c 9 . 5 4 - 0 . 4  ¢ 3 0 4 - 3  ¢ 8 1 4 - 4  ¢ 

- 38+2  1074-3 3 
CCK-8 384-2 1074-3 3 

134- 2 ~ - 6 6 4 - 8 °  _ 

174-  3 ~ - 8 7 4 - 2  ¢ 

- 102+2  57 4-3 - 1424-2 4 
694-  5 a 1 1 5 ± 3  ° 60  + 2  a - 9 9 4 - 6  a 

54+1 99 + 4  - 1424.2 6 
CCK-8 554-2 98 ± 5  - 1434-3 5 

404-  4 "  6 1 + 1  ° 97 + 7  ~ - 119: ) :4  o 

434-  5 5 7 + 1  h 95 4-4  - 1 1 8 4 - 4  

- 1484-5 8.04-0.3 - 3 
curb 146 + 5 9.94- 0 . 4  - 3 

284-  9 ° 1 4 5 4 - 3  1 0 . 3 4 . 0 . 4 "  

2 9 ±  5 1 4 1 + 3  9 . 1 4 - 0 . 5  

Significantly different from previous control period with P < 0.05 (t-test Student). 
b.c S i g n i ~ c a n ~ y d i ~ e r e n t f r ~ m p r e v i ~ u s e x p e r i m ~ n t a l p e r . ~ d w i t h ~ u t s t i m u ~ u s w i ~ h  P < ~ . ~ 5 ( ~ t e s t ~ t u d e n t f ~ r i n d e p ~ n d ~ n t ( b ) ~ r d e p ~ n d ~ n t ( c  ) 

samples). 



Effects of replacement of Na + by choline 
Replacement of Na + by choline decreases the fluid 

secretion rate as shown in Fig. 4. The reduction in fluid 
secretion rate in the case of choline substitution is more 
pronounced than in the case of Li + substitution, e.g. 
replacement of 74% of the Na + in the medium leads to 
a significantly larger decrease of fluid secretion rate 
(87%) when Na + is replaced by choline than when it is 
replaced by Li + (65%) (Table I). Upon the replacement 
of Na + by chofine, e.g. in the case of replacement of 
47% of the Na +, the Na + concentration in the secreted 
fluid becomes much higher than in the bathing medium 
(128 mM vs. 77 raM), and choline appears in the 
secreted fluid in a concentration of only 18% of its 
bathing medium concentration (12 mM vs. 66 mM). In 
addition, the K + concentration in the secreted fluid is 
strongly increased (Fig. 4) and the CI-  concentration is 
slightly increased (Table I). 

In the experiments in which Na + is substituted by 
choline, atropine (10 -a  M) is always added to the 
media in order to inhibit cholinergic stimulation by 
chofine. Addition of CCK-8 (10 -s  M) to the medium 
containing 77 mM Na+ and 66 mM choline stimulates 
enzyme secretion and increases the fluid secretion rate 
by 16% (Fig. 4). The Na + and K + concentrations in the 
secreted fluid decrease, while the choline concentration 
increases by an equivalent amount. The CI-  concentra- 
tion in the secreted fluid slightly increases (Table I). 
Addition of TAP to the choline medium does not alter 
the effect of CCK-8 on fluid secretion rate and secre- 
tory ion concentrations (results not shown). 

When 119 mM Na + is replaced by 119 mM choline, 
the fluid secretion rate is decreased by 87%, and choline 
appears in the secreted fluid in a concentration of 62% 
of its bathing medium concentration (66 mM vs. 107 
raM). In this case, CCK-8 (10 -s  M) increases the fluid 
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Fig. 4. Effect of replacement of Na + by choline and effect of 
stimulation by cholecystokinin-octapeptide (CCK-8) in chohne 
medium on the rate of fluid secretion (o) and on the concentrations 
of Na + (tO, K + (O), choline (0) and sucrose (v) in the secreted flu:d 
of the isolated rabbit pancreas. Values are means with S.E. of four 

experiments. 
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Fig. 5. Relation between the Na ~ concentration in the bathing medium 
and the fluid secretion rate or volume flow (Jr) in the isolated 
pancreas in the case of replacement of Na ÷ by Li + (zx). K ÷ (o) or 
choline (O), and relation between the Na + concentration in the 
bathing medium and the Now of I-ICOf (JHCO-) in the case of 
replacement of Na * by Li ~ (A), K ~ (e) or choline (11). Results are 

calculated from means of 3-6 experiments, as given in Table I. 

secretion rate by 31% and increases the choline con- 
centration in the secreted fluid (Table I). 

In Fig. 5, the effects of replacement of Na ÷ by either 
Li ÷, K ÷ or choline on the rate of fluid secretion, i.e. 
volume flow ( J r ) ,  and on the rate of H C O ;  secretion 
(JHco;)  are summarized. JHco; was calculated from 
the HCO3- concentration in the secreted fluid and the 
fluid secretion rate. JHco; was chosen as the plotted 
parameter because (1) fluid secretion in the pancreas is 
primarily dependent on the pumping of HCOf  [2], and 
(2) for the purpose of discussion. 

Effects of replacement of Na + by K + 
Replacement of Na ÷ by K ÷ leads to inhibition of the 

fluid secretion rate. K + at;?ears in the secreted fluid in 
approximately the same concet,tration as it is present in 
the bathing medium, and the s~retory Na + concentra- 
tion is also equal to its bathirg medium concentration. 
As "ompared to normal me@am, the CI-  concentration 
in the secreted fluid is clearly increased (Table I). When 
the pancreas is stimulated by CCK-8 in K + medium, 
the fluid secretion rate is virtually unchanged, and the 
Na +, K + concentratiow in the secreted fluid remain 
unaltered (Table l). 

Effects of ouabam 
Since the replacement of Na + leads to a decrease of 

the Na + gradient across the cell membrane, we have 
also studied the effects of decreasing this gradient by 
the Na+/K+-ATPase  inhibitor ouabain. Ouabain (5.  
10 -6 .'Vl) inhibits the fluid secretion rate by 72%, in- 
creases the K + concentration and has no effect on the 
Na + concentration in the secreted fluid (Table I). When 
carbachol is added to the medium 60 rain after ouabain 
addition the fluid secretion rate remains unchanged, the 
K + concentration in the secreted fluid is decreased and 
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Fig. 6. Effect of CCK-8 stimulation in choline medium on the rate of 
fluid secretion ( . . . . . .  ). the protein concentration (A), and the con- 
centrations of sucrose (o) and choline (O) in the secreted fluid of the 

isolated pancreas. Results are typical for three experiments. 

parallel and  equivalent  way  (Fig.  6). T h e  extent  o f  the 
increase is about  the  same  as in normal  m e d i u m  (Table  
I1). W h e n  the che! ine  concen t ra t ion  in the secreted fluid 
is calculated f r o m  the [ t4C]eholine ra t io  in the secreted 
fluid and  b,athing m e d i u m ,  and  is c o m p a r e d  wi th  the  
concentra t ion obta ined  by  calculat ion f r o m  the def ic i t  
in ca t ion concent ra t ion ,  we ob ta in  near ly  the s a m e  
results (Table  I and  II).  T h e  appa ren t  reflect ion coeff i -  
cient  for Li + is s ignif icant ly  decreased  by  s t imula t ion  
wi th  earbaehol  (10 -5  M)  f r o m  0.67 _ 0.06 to 0.59 + 0.10 
(averages  + S.E. o f  six exper iments ,  P < 0.01), whereas  
the reflect ion coeff ic ient  for  chol ine  (0.84 4- 0.08) is no t  
s ignif icant ly  decreased by  10 -8  M C C K - 8  to 0.82 4- 0.10 

(averages  + S.E. o f  five exper iments ) .  

Discuss ion 

the prote in  secretion is s t imula ted  a l though less than  
under  normal  condi t ions  (Table  I). 

Effects o f  stimulation on paracellular permeability 
W e  have  invest igated whether  the  effects  of  the  

s t imulan ts  in the low-Na  + med ia  are  related to the  
previously  found increase in paracelhi lar  permeabi l i ty  
upon  s t imulat ion.  Therefore ,  the effect  o f  C C K - 8  on the  
permeabi l i ty  of  [3H]suerose and  [t4C]eholine is s tudied  

in the replacement  media .  Also~ the appa ren t  reflect ion 
coeff icients  for  LiCI and  choline chloride are  de-  
t e rmined  in the absence and  the  presence of  carbachol  
or  CCK-8 .  

In the  Li  +- and  choline med ia  wi th  2 m M  [3H]- o r  
[14Clsucrose and  2 m M  [t4C]choline added,  C C K - 8  

increases  the  secretion of  choline and  sucrose  in a 

Fluid  secret ion in the  exocr ine  r abb i t  panc rea s  is 
media ted  by  a N a + - d e p e n d e n t  a n i o n / H  + t r anspor t  
m e c h a n i s m  in the basola tera l  m e m b r a n e  of  the duct t , lar  
cell, which is d r iven  by  the  N a  + g rad ien t  gene ra t ed  by  
the N a + / K + - A T P a s e  [2-5] .  T h i s  t r anspor te r  accu-  
mula tes  H C O  3- in the  cell which,  in con junc t ion  wi th  
the  ins ide-negat ive  m e m b r a n e  potent ia l  o f  the  apical  
m e m b r a n e ,  causes  an  e lec t rochemical  potent ia l  d i f -  

ference for  H C O j "  across  the  apical  cell m e m b r a n e  a n d  
dr ives  the  exist  o f  H C O ~  th rough  this m e m b r a n e  into  
the secreted fluid. Pass ive  secret ion o f  p e r m e a n t  ca t ions  
is thought  to follow the e leet rogenie  secret ion o f  H C O j "  
which in  tu rn  dr ives  the  isotonic  t r anspor t  o f  wa t e r  a n d  
thus  of  fluid th rough  the  ep i the l ium.  T h e  e n s u i n g  con-  
cen t ra t ion  g rad ien t  o f  addi t iona l  an ions  dr ives  m o r e  sal t  
th rough the  ep i the l ium fur ther  faci l i ta t ing wa te r  f low 

TABLE n 

Effect of CCK.8 on the permeation of sucrose and choline in various media bathing the i~qted rabbit pancre~ 

The pancreas is incubated in successive 60-rain periods in normal KRB medium, Li + or choline medium, and the latter medium with CCK-8 (10 -s  
M) added as a stimulant. 2 mM [3H]sucrose and 2 mM ll4C]choline are added to the media, and the permeation of these substances is expressed as 
the ratio of the radioactivity in the secreted fluid and the bathing medium (% of medium concentration), or the relative flow of sucrose or choline 
(J~0, which is the rate of fluid secretion multiplied by the percentage of the medium concentration of the substance in the secreted fluid. Values 
are means with S.E., and N is the number of experiments. 

Bathing medium Addition Sucrose Choline N 

of medium J~l • of medium Jr¢l mM 
conccatration (~) concentration (%) 

Normal KRB medium sucrose 6 4-1 
+ CCK-8 23 + 6 

Lithium medium" sucrose + 18 + 2 
choline 
+ CCK-8 34 :t. 1 

Choline medium b sucrose 9 4- 2 
+ CCK-8 37 4- 9 

100 - S 
407 - 5 

10S 23-4-3 138 0.5 +0.1 3 

282 44 + l 385 0.9 4- 0.1 3 

69 284-2 214 20 +1 3 
326 544-9 479 39 4-1 3 

a Normal KRB with 119 mM Na + replaced by 119 mM Li +. 
b Normal KRB with 72 mM Na + replaced by 72 mM choline. 



[23]. Apparently,  the Na + ion is important  in two 
distinct processes: 
(1) the transepithelial transport  of HCO 3 ,  and 
(2) the secretion of the most abundant  permeant cation, 
i.e. the Na + ion itself. 
Thus, the inhibitory effect of replacing Na  + by another  
cat ion presumably is due to the fact that this ion cannot  
effectively substitute for Na  + in either one or both of 
these processes. 

Effect of Na +-replacement 
Inhibition of secretion due to the replacement of 

N a  + by Li ÷ has previously been found in the perfused 
cat  pancreas [19] and  the isolated rabbit  pancreas [20]. 
Inhibition of fluid secretion when Na  + is replaced by 
choline or NaCi  by sucrose has also been observed in 
previous studies on the isolated rabbit  pancreas [1.5] 
and  perfused cat pancreas [9]. If the permeability of the 
epithelium for the replacing cation is lower than for 
N a  ÷, this might lead to impaired passive cation permea- 
tion. The apparent  reflection coefficients for LiCI and  
choline chloride, which are higher than for NaCI, sug- 
gest that  the permeabilities for Li + and  choline are 
lower than for N a  +. 

We suggest that  this difference in ion permeabilities 
could, . Jest partly, lead to the decrease of the fluid 
secretion by Li + and  choline. Also, the increase of the 
K + concentrat ion in the secreted fluid in Li + or  choline 
medium can thus be explained by the preferential secre- 
tion of K + over Li + or choline due to the larger, 
probably  paracellular,  permeability of K +. However, 
the reflection coefficients determiped as described in 
Materials and  Methods are apparent  in the sense that  
they are measured as the effect of the cations on fluid 
secretion rate itself. Therefore, they include potential 
direct effects of  the ion substitutions on  the fluid secre- 
tion rate, and  can  not be used unequivocally to explain 
an  inhibitory effect on this very parameter.  Neverthe- 
less, other studies have shown that in various leaky 
epithelia the relative permeabilities of N a  +, K + and  Li + 
increase in the ordei  Pti+ < PN~÷ < PK + [21], which is in 
agreement with the relative values of our apparent  
reflection coefficients (this study, and  Ref. 7). This 
permeabili ty order  suggests that  the hydrated shell 
radius of a cation determines its permeability, which 
may indicate that  the cations move through hydrophilic 
pores in the membrane,  i.e. the tight junct ions which 
constitute the paracellular permeation route. 

In the media containing a cat ion with a lower per- 
meability than N a  +, one would expect the trans- 
epithelial potential to be increased as compared to 
normal  medium. This is indeed the case, if we consider 
K + / K ~  as a measure for this potential (Table I). 

In the case of replacement of  Na  + by K +, the above 
mentioned type of inhibition is unlikely since the per- 

meability for K ~ is approximately equal to or slightly 
higher than that for Na  +. However, the fluid secretion 
rate is strongly inhibited by this replacement. Therefore, 
the removal of Na  ÷ or the presence of a high concentra-  
tion of K ÷ or both inhibit fluid secretion in some other 
way. Inhibition of the fluid secretion process by N a  + 
removal might occur at the level of the Na+-dependent  
HCO~- transport  step, which involves the transport  of 
HCO3- against its electrochemical gradient from the 
bathing medium through the cell into the secretory 
lumen. The quantitative relationship between the N a  + 
concentration in the bathing medium and the rate of 
this Na+-dependent HCO~- transport  is unknown. It 
could be either linear or non-linear, and  could depend 
on the nature of the substituent cation. 

A direct dependence of fluid secretion on N a  + would, 
however, also be observed in the case ~f replacement of 
Na  + by Li ÷ or choline, and would add to an effect on 
passive permeability. Compar ing  the da ta  for the vari- 
ous replacements quantitatively (Fig. 5) shows, surpris- 
ingly, that the inhibition of fluid secretion in the Li ÷ 
case is less that in the K * case. Therefore, assuming that 
the above mentioned hypotheses about  the two types of 
inhibition are correct, we have to propose a third, 
inhibitory effect of K ÷ or st imulatory effect of Li ÷ on 
fluid secretion. The more than proport ional  inhibition 
of the HCO~- flow upon replacement of N a  ÷ by K ÷ 
and the proport ional  inhibition of this flow in the case 
of replacing Na  + by Li ÷ (Fig. 5) suggests a linear 
relationship between the rate of  HCO~- pub,ping and  
Na  ÷ in the bathing medium, in combinat ion with a 
specific inhibitory effect of K ÷. In the subsequent paper  
we will work out a model in which the pumping of 
H C O f  is linearly dependent  on N a  + in the bathing 
medium, but is also competitively inhibited by K +. 
Using this quantitative model, we will investigate 
whether the effects observed in this study can be ex- 
plained solely by the limiting paracellular shunt per- 
meability or H C O  3 - p u m p  inhibition, or by the fact that  
we indeed are dealing with two or  more types of inhibi- 
tion. 

The increase of the CI -  concentrat ion in the secreted 
fluid in the Li ÷ and choline media might reflect a 
relatively increased extent of H C O 3 / C I -  exchange in 
the efferent ducts at the lower secretory rates. The 
stronger increase of the C! -  concentrat ion in the secreted 
fluid in the K + media is probably  related to the de- 
polarizing effect of K +, which increases the CI -  flow 
and  therefore the ratio CI s / C i ~ ,  CI -  being a permeant  
anion [2]. However, as we show in the accompanying 
paper the anion concentrat ion profile of the secreted 
fluid is the complex result of  all ion flow rates, and  the 
increased CI-  concentrat ion in the cases of  Li + and 
choline substitution may be due to the inhibition of the 
HCO~" pumping rate and the resulting reduction in 
water flow. 



Effect of stimulation 
Stimulation of the pancreas with CCK-8 or carbachol 

leads to an increase of the fluid secretion rate and to 
decreases in the concentrations of the more permeant 
cations concomitant with increases in the concentra- 
tions of the less permeant ions. In all cases, except in 
K + medium, the CI-  concentration in the secreted fluid 
is increased, and the HCO~- concentration is decreased. 
In normal medium, the permeability for the cations 
Na + and K + is approximately equal, the transepithelial 
electrical potential difference is small and the increase 
in fluid secretion rate is very small. In the media in 
which Li + or choline are substituted for Na +, the in- 
crease in fluid secretion rate upon stimulation is consid- 
erable, and is more pronounced when more of the Na  + 
in the bathing medium is replaced by the substituent 
ion. In the experiments in which the bathing medium 
contains 7g mM Na + and 66 mM choline, the increase 
of the choline concentration and the decrease of both 
the Na + and K + concentrations upon stimulation occur 
in parallel with the increase of the sucrose concentra- 
tion, and thus are likely to be the result of an increased 
passive, paracellular transport of choline at the expense 
of the transport of Na + and K +. 

If we assume that also in the Li + media an increased 
paracellular permeability for cations is responsible for 
the changes in the fluid secretion rate and the cation 
concentrations in the secreted fluid, then these changes 
should be accompanied by a decrease of the apparent 
reflection coefficient for LiCI, and they should be in- 
hibitable by TAP, which has been shown to be a specific 
inhibitor of the carbachol-induced increase in paracellu- 
lar permeability [18]. These two phenomena are indeed 
observed (Table I, Figs. 1 and 2). 

The effect of CCK-8 in K + medium is minimal in the 
sense that the N a  +, K + and CI-  and HCO~- concentra- 
tions are not affected. Only the fluid secretion rate is 
slightly but not significantly increased. This result can 
be understood from the fact that the permeabilities '~or 
Na + and K + are similar and in this case not flux-con- 
trolling [23]. 

The insensitivity of the increase of the fluid secretion 
rate to the presence of Ca 2+ in the bathing medium 
suggests that this process is different from the increase 
of the acinar fluid secretion component upon stimula- 
tion by cholinergic or CCK-g-like agonists as observed 
in the rat [22]. 

In conclusion, an increase in paracellular permeabil- 
ity leads to an increased fluid secretion rate only to the 
extent that the fluid secretion rate wa:~ limited by slow 
paracellular permeation of the main cation. In normal 
medium, paracellular transport of Na + and K + appears 
to be virtually no limiting factor for fluid secretion. The 
increase in permeability by stimulatory agonists is prob- 
ably an increase in permeability of the tight junctions 
for the various ions. 

In the next paper, we will investigate whether a 

quantitative model based on the concepts mentioned in 
this paper can reproduce some of the experimental 
findings on Na + replacement and on stimulation by 
carbachol or CCK. Furthermore, we will investigate 
what the model, once established, can tell us about the 
control and regulation of fluid secretion. 
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