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A model for fluid secretion in the exocrine pancreas 
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Fluid secretion by the isolated rabbit  pancreas is strongly dependent on the presence of Na + in the bathing medium. 
Substitution of Na  + by another  cation such as Li + or K + causes an inhibition of fluid secretion rate and a change in the 
composition of the secreted fluid which is dependent on the nature ~,f the substituent cation. Stimulation of the pancreas 
by CCK-8 or carbachol increases paracellular ion permeability and, in some cases, also fluid secretion rate. We present 
a simple, quantitative model for ion and water secretion which accounts for  the effects observed upon Na + substitution 
and stimulation. The main features are active, Na+-dependent transcellular HCQ~- transport and passive, paracellular 
cation and anion permeation. The activity of the HCO3" pump is dependent on the energy status of the cell and on the 
Na  + concentration in the bathing medium, and is competitively inhibited by K +. The parucellular ion permeabilities can 
be modulated by stimulatory agonists. We examine the extent to which, according to the model, fluid secretion is 
controlled by the various system parameters such as ion permeabilities and ion pump activity, and by external 
parameters such as the ion concentrations in the bathing medium. In addition, calculation of the effects of changes in 
these parameters are carried out in order to gain more insight in the mechanisms of secretion. 

Introduction 

Fluid secretion is generally thought  to be the result 
of  an  osmotic gradient generated by the transport  of 
ions across a membrane  or  epithelium [1]. In the exoc- 
fine pancreas, the pr imary uphill t ransported ion is the 
HCO~ ion which is concentrated in the secreted fluid 
by a factor of 1 to 5 as compared to the bathing or 
perfusion fluid [2,3]. All the other major  ions in the 
secreted fluid are present in concentrat ions equal to or 
lower than those in the medium. A variety of studies on 
pancreat ic  fluid secretion have shown that, besides 
HCO~-, N a  + is essential for secretion [3-6]. The other 
ions K +, CI- ,  H2PO4- and  Ca 2+ and  Mg 2+ are prob-  
ably not directly involved in HCO~'-dependent  fluid 
secretion. 

It is likely that N a  + and  the other mono- and  diva- 
lent cations are secreted through a paraccllular route [6]. 
Since N a  + is the most  abundan t  cat ion in the medium 
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and  in the secreted fluid, one might argue that the role 
of N a  ~ is maybe essential, but  only passive. However, 
removal of N a  ÷ has approximately the same effect on 
ion and  water secretion as the removal of HCO~ and 
therefore Na  ÷ and HCO~ seem to interact with the 
same active tra.,~port mechanism [7]. One way to de- 
termine whether, or  to what  extent, the role of Na  + is to 
activate the HCO~ pump or to allow for paracellular 
ion movement,  would be to replace Na  + with other ions 
with different shunt permeabilities. In the previous paper  
we have reported the effects of substituting Li +, K + or 
choline for N a  + on the fluid secretion rate and the ion 
concentrat ions in the secreted fluid. In a qualitative 
discussion we tentatively concluded that  the effects of 
the substitutions could not easily be explained by the 
different permeabilities of the shunt for the different 
ions alone, or by a simple Na  ÷ dependence of the 
HCOj- pump alone [8]. 

To assess the relative importance of the various ways 
in which the N a  + concentrat ion would affect secretion, 
a quantitative formulation of  the model for secretion is 
needed. Such a formulation can also allow us to de- 
termine e.g., whether the transepithelial electrical poten- 
tial difference, the C1- permeability, or the simple 
pumping of H C O f  is pivotal to fluid secretion. In the 
preceding paper  we have reported the effects of the 
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messengers acetylcholine (ACh), or its analogue 
carbachoL and cholecystokinin (CCK), or its octapep- 
tide (CCK-8), on fluid and ion secretion in the pancreas 
[8]. Analysis of these effects in terms of a model would 
also enable us to further define their mechanism of 
action. 

In order to establish how a metabolic process such as 
secretion can be modulated by the partial activation or 
inactivation of enzymes or permeabilities, metabolic 
control theory has generated concise definitions of so- 
called control coefficients [9-12]. From a quantitative 
formulation of pancreatic t n .id secretion one would be 
al~le to evaluate these control coefficients and  begin to 
understand to what  extent each of the fundamental  
processes controls and thus regulates Overall secretion. 

For  modelling of transepithelial t ransport  various 
methods exist. We expected the phenomenological non-  
equilibrium thermodynamic method [13] to lack detail 
to allow us to address the rather mechanistic questions 
asked above. A second method, i.e. the complete in- 
tegration of all the exact rate equations of all the 
processes involved [14], would lack sufficient detailed 
kinetic information. Thus we employed an approach  
in-between these two [12], in which simple rate equa- 
tions are used which nevertheless bear the essential 
properties of non-equilibrium thermodynamics and  
kinetics in them, and  which can be solved numerically. 
The equations can also be solved in terms of network 
thermodynamics as has been done successfully for kid- 
ney tubules [15-17]. 

In this paper  we describe the model and  calculate the 
parameter values that br ing the model in line with the 
experimental findings. Subsequently, we determine to 
what  extent the rate of fluid secretion and  the composi- 
tion of tl',e secreted fluid are controlled by the active 
HCO~ secretion and  the various paracellular ion per- 
meabilities. Finally, we use the model to get more 
insight in the role of the various mechanisms involved 
in fluid secretion. 

Methods 

In this section we will go through the basic formulas 
which make up the model, a n d  which we have found to 
be the most appropriate  for this part icular  epithelium. 
The equations which relate the flow of anions or cations 
to their permeability coefficients and  concentrat ions 
and to their active pump components  are as follows: 

JHCO) = Jv IHC03 Is = act "fNa" "( K [HCO~- ]b-- ~b [ HCO 3 ]s) 

'4" ( PHCO~ "Jr" ~tPIqco~ m )([HCO3- ]b-- ~[HCO 3 ]s) (t) 

JNa" = dv[Na + ]s= ( PNa. + ePNa.m)( ~PINa + lb - INa  + ls) (2) 

Jc" = Jv[C + ]~ = (Pc ~ + aPc*~)(ep[C + ]b--[C + ],) (3) 

J< ' ,  = Jv [CI- ]~ = (PcJ- + aP¢'t-m )([C~'- ] h -~  [CI- ]~) (4) 

l 
/'N.-" ([ Na+ lb IC + ]b) = [Na + lbKN~l ~+  b (5) 

1+ 
Kpl 

Explanation of symbols: 
Jv  = transepithelial vohime ( =  water) flow 
Jl = transepithelial flow of ion I 
[I]b.~ =concen t r a t i on  of ion I in bathing medium or 

secreted fluid,respectively 
C + = cation replacing N a  + 
K = apparent  equilibrium constant  of H C O  3 trans- 

por t  mechanism, or the driving force of the 
H C O  3 Dump 

act = pump  activity; a complex function of various 
cellular activities 

P, = shunt  permeabili ty coefficient of ion I 
PIm = modulated shunt permeabili ty coefficient of ion 

I for the st imulant induced ion channel 
a = factor propor t ional  to the degree to which the 

st imulant activated paracellular shunt is open 
e~ = measure for the transepithelial electric potential 

difference, exp (  F A C / / R T )  
z ~  =t ransepi the l ia l  electrical potential  difference 

(bath relative to secreted fluid) 
K N ~ =  Michaelis constant  of the HCO~ pump  with 

respect to Na  + 
Kpi = inhibition constant  of  the HCO~- pump  with 

respect to the cat ion substituting for N a  + 
The above equations describe the model depicted in 

Fig. 1B, which is a reduction of the model given in Fig. 
1A. This reduction recognizes that, essentially, the over- 
all system consists of two elements in parallel, one, the 
cell or  cell membranes,  actively pumping  H C O f  across 
the epithelium, the other, the pa racd ln la r  path,  allowing 
passive transepithelial permeat ion of water and  all the 
ions. The first equat ion (Eqn. 1) describes the active 
pumping  of HCO~- as well as the passive HCO~ per- 
meation. Eqns. 2 - 4  describe the passive movements of 
N a  +, cations and  CI- ,  respectively, across the epi- 
thelium. 

The HCO~" pump,  functioning at a rate j ~ c o l  (Eqn. 
1), is driven by an effective thermodynamic driving 
force: 

AGin/RT = In K (6) 

which is likely to be a complex function of the activity 
of various cellular processes, such as the N a + / K  ÷- 
ATPase and  N a + / H  + antiport  or N a + / H C O ~  - symport  
activity across the basolateral membrane,  and  of the 
intracellular hydrolytic free energy of ATP. The H C O  3 
concentrat ion in the bath,  or, effectively, at the active 
site of the H C O  3 translocator  is assumed to be con- 
stant  and  buffered by p H  and  Pco2. The factor fNa÷ 
(Eqns. 1 and  5) describes the modulat ion of the activity 



aco~ ct Na+.K*,Ct - 

H ÷ 

B 
, .  Na~,K.[ CI -  HCO3"  

HCO 3- El*, ChOline ' 

/I.T  
15" 

Fig. l. (A) Conceptual model for fluid secretion in the duetular cell of 
the exocrine rabbit pancreas. In essence, the Na +/K +-ATPase drives 
a coupled Na+/H + antiport (or Na+/HCOj - symport) mechanism 
through the establishment of the Na + gradient, wluch, through in- 
tracellular alkalinisation and production of HCOf maintains the 
transc¢llular transport of HCOj-. Na ÷ and K*, and other cations, are 
secreted via the paracellular pathway. The transport reute for CI- is 
paracellular, transcellular or both. Omitted are the leakage pathways 
for the various ions, such as for K ~ in the basolaleral membrane. (B) 
Model for fluid secretion in the pancreas as a result of simplification 
of Fig. IA through a nonequilibrium thermodynamics treatment. The 
model features an ¢lectrogenic transepitheiial HCO~- pump furnished 
by the ductular cells, parallel to paracellular, passive cation and anion 

movement. 

of the pump  by the bath  concentrat ions of N a  + and  the 
substituting cations. In our  main model, the choices of 
the constants  are such that the right hand  side of Eqn. 5 
contains [K+]b as the only relevant cat ion concentra-  
tion term ([C+]b). Thus the pump activity is taken to b,: 
proport ional  to the Na  + concentrat ion in the bath  and  
to be competitively inhibited by K + in the bath.  

As witnessed by the last right hand  term in Eqn. 1, 
HCO~- may also move through the paracellular path-  
way, with a thermodynamic driving force betrayed by 
the near equilibrium relationship: 
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where LHco, would be proportional to the average 
HCO~- concentrat ion in the shunt [12.13]. We used the 
related thermokinetic relationship given in the last fight 
hand term of Eqn. l,  which reduces to Eqn. 7 in the 
near equilibrium case. Ptlco, is the permeability coeffi- 
cient of the shunt pathway for HCO~- in the absence of 
a stimulus. Paco ,  n, represents the specific increase in 
HCO~- permeability when the shunt is activated by a 
stimulus. Similar rate equations are assumed to hold for 
the paracellular movement of Na  +, CI-  and the sub- 
stituting cations (Eqns. 2-4).  

It may be noted that the electric driving force has 
been brought  into the rate equations solely as a positive 
exponent. Although this is an arbitrary choice [18], it 
has little implication due to the fact that  the paracellu- 
lar transport  of cations and CI-  is close to equilibrium. 

The right hand sides of Eqns. 1 -4  contain six varia- 
bles, i.e. the four ion concentrations in the secreted 
fluid, the water or volume flow Jv and the electrical 
potential factor ~. An additional expression for the 
volume flow is [191: 

Here L e is the hydraulic permeability coefficient for 
water flow. 3 P  is the transepithelial difference in hy- 
drostatic pressure, which is equal to zero in the eases 
under  consideration, o, is the reflection coefficient for 
any substance i (in our case NaCl and NaHCO3)  [19,201, 
and  &~'~ is R T  times the transepithelial concentration 
difference for substance L The term containing the 
partial molal volume of H C O f  ( VHco, ) and the H C O f  
flux through the pump (J0 He°i)  can be neglected. We 
will now assume that the water permeabili t"  and hence 
L e is high compared to the activity of the H C O f  pump 
and that the reflection coefficients of the various solutes 
are approximately equal, if not  all close to 1. The 
consequence is that  the osmotic pressure, A~r, across the 
epithelium is negligible, as is observed experimentally 
[3,21]. We will also assume electroneutrality of both the 
bath  and the secreted fluid which, together with the 
neglection of/t~r, leads to: 

[CI- l~+ [HCO~- L = ~r~,,,/2 =[Na* I~+[C ÷ l, {9) 

Using the latter two equations, Eqns. ! - 4  are reduced 
to four equations with four unknowns, i.e. J r ,  @, [Na+ ]~ 
and [HCO~-]~, and  solved numerically. 

In the equations used for the simulations, all the ion 
concentrat ions in the bathing medium and secreted 
fluid are normalized, so that the sum of cation con- 
centrations = 1, and  the sum of anion concentrat ions = 
1. We also assumed that the only cations are N a  + and  
K + and  replacing cations, and  that the only anions are 
CI -  and  HCO~-. In this procedure, we did not dis- 



cr iminate  between N a  + and  K ÷ in the normal ,  Li + and  
choline media ,  since K + is present  in only  m i n o r  
amoun t s  and  the permeabi l i ty  for  K + is vir tual ly  equal  
to that for N a  + [22]. Thus ,  [Na+]b  in the model  equa-  
tions is equal  to the  measured  [Na  + + K + ] b  value, ex- 
cept  for the  med ia  in which N a  + is replaced by  K +, 
where [Na+]b  in the equat ions  is the measured  [Na+]b  
value. Pa ramete r  values for the  model  were  ob ta ined  by  
a t t empt ing  to f ind the best poss ible  non- l inear  least- 
squares  fit to the da ta  presented in the  prev ious  pape r  

(in Table  I). The  f~tted da ta  were  the  vo lume  flow, the  
N a  + concentra t ion in the  secreted fluid and  the  C I -  
concentra t ion in the  secreted fluid. In  v iew of  the  
possible exchange be tween  C I -  and  HCO~" in the  effer-  
ent  ducts  we only a t t empted  to reproduce  the  t rends  in  
the C I -  concentra t ion and  J o - -  Fur the rmore ,  we  as-  
sumed  that C C K - 8  and  carbachol  increase the  ion per-  

meabi l i ty  by  open ing  an  extra  paracel lular  shun t  pa th-  
way  to an extent  dependen t  on  the s t imulan t  concent ra-  
t ion reflected in the factor  a.  Th i s  ext ra  shun t  p a t h w a y  
has  different  permeabi l i ty  ra t ios  for  the  va r ious  ions  
than  the normal  pa thway.  The  cat ion permeabi l i t ies  o f  
this pa thway  were  taken  equal,  and  h igher  than  the  
anion permeabil i t ies .  

The  extent  to which cer ta in  enzymes  are  ra te- l imi t ing 
for a metabol ic  flux can be  quant i f ied  in  t e rms  of  their  
f lux-control  coeff icients  [23]. The  flux control  coeff i -  

cient  indicates  the relat ive effect  on  the flux of  a small  
relat ive change  in the enzyme  activity.  It  is def ined 
mathemat ica l ly  as:  

CJ~(dJ/J) / (dei /e i  ) = 100. (AJ/J) l , t  i ....... ine, 

= (70 increase in J ) ~  incr©a~ine, (•0) 

where  the di f ferent ia l  refers  to t rans i t ions  be tween  
s teady  states,  and  ei refers  to the act iv i ty  of  the  enzyme  
under  study.  M o r e  in general ,  e i can  be  replaced by  any  
p a r a m e t e r  o f  the  sys tem,  such as  permeabil i t ies ,  equi-  
l ib r ium cons tan t s  o r  f ixed concent ra t ions .  Th i s  m e t h o d  
was  appl ied  to calculate  the  control  coeff icients  of, e.g., 
ion permeabi l i t ies ,  ac t  and  K wi th  respect  to var iables  
such as  J v  o r  [ N a + L .  In  Eqn.  10 it can  be  seen that  a 
control  coeff ic ient  o f  I represents  a p ropor t iona l  depen-  
dence  o f  J on the  re levant  e~. 

Resul ts  

S u m m a r y  o f  experimental  f indings 

T h e  d a t a  on  the  effects  o f  rep lacement  of  N a  + by  
Li  +, K + o r  chol ine  on  fluid secret ion ra te  and  ion 
concen t ra t ions  in  the  secreted f luid have  been  descr ibed 
in the  a c c o m p a n y i n g  pape r  (Ref .  8, Tab le  I). W h e n  we 
normal ize  the  d a t a  f r o m  control ,  Li  + (74 m M ) ,  chol ine  
(66 m M )  a n d  K + (99 m M )  subs t i tu t ion  exper imen t s  and  

TABLE I 

Experimental and model results for pancreatic fluid secretion in various media 

Pancreatic fluid secretion rate, ion composition and ~ were determined experimentally or calculated according to our model under control 
conditions, or when Na + in the bathing medium was replaced by Li +, choline or K +, and when the pancreas was stimulated by CCK-8 (all 
conditions). Results of the model ate given in italics. Jv represents fluid secretion rate, Jx is the flow rate of ion 1. and [llb,~ the concentration of 
ion I in bathing medium or secreted fluid. C + is the Na + replacing cation, ep equals e Fa¢/Rr. ,l~ represents the electrical potential across the 
epithelium. The experimentally determined value of q is [K + ]s/lK + ]b and is given in parentheses. Jv is expressed as percentage of the control 
value before Na + replacement or stimulation, l[]b,s values are normalized values, so that the sum of cation and anion concentrations in bath or 
secreted fluid equals 1. [Na + ]b~ represents [Na + + K + ]b.~, except when Na + is replaced by K +. 

Medium [ Na+ ]b [ C+ lb Jv [ Na+ ls JNa ÷ [C + ls arc÷ [CI- ]5 Jo -  [HCO~" 15 JHCOl 

Control 1 0 100 1 100 0 0 0.47 47 0.53 53 (1.28) 
100 1 100 0 0 0.52 52 0.48 48 1.13 

+CCK-8 1 0 104 1 104 0 0 0.53 55 0.47 49 (0.91) 
105 1 104 0 0 0.54 56 0.46 48 1.10 

Li + 0.50 0.50 54 0.54 29 0A6 25 0.52 28 0.48 26 (2.02) 
54 0.58 31 0.42 23 0.57 30 0.44 23 1.26 

+ CCK-8 O.5O 0.50 61 0.50 31 0.50 30 0.59 36 0.41 25 (1.46) 
61 0.52 32 0.48 23 0.62 38 0.38 23 1.11 

Choline 0.56 0.44 ,~5 0.92 41 0.08 3.6 0.51 23 0.49 22 (1.51) 
45 0.93 42 0.07 3.2 0.44 20 0.56 25 1.77 

+ CCK-8 0.59 0.41 52 0.79 41 0.21 11 0.56 29 0.44 23 (1.21) 
52 0.78 40 0.22 11 0.51 26 0.49 25 1.47 

K ÷ 0.35 0.65 40 0.29 15 0.61 25 0.75 30 0.25 9.9 (0.98) 
41 0.35 14 0.65 26 0.69 28 0.31 12 1.05 

+CCK-8 0.36 0.64 43 0.35 15 0.65 28 0.79 34 0.21 9.2 (0.97) 
43 0.35 15 0.65 27 0.71 30 0.29 12 1.04 



add the numbers for ion flows we obtain the data 
shown as arabic numbers in roman type in I able I. The 
basic observations are: 

(i) The concentration ratios for the various cations 
between secreted fluid and bathing medium suggest that 
the permeabilities for Na ÷ and K + are about equal and 
those for Li + and choline are lower than for Na+: 
PNa + ~ PK ~ >-- PLi + >-- Pcholine" Hence there is probably no 
inhibitory effect of substitution of Na + by K + due to a 
passive permeability effect. Li + and choline might in- 
hibit fluid secretion partly because of their lower per- 
meability coefficients. 

(it) Stimulation by CCK-8 of fluid secretion rate 
( J r )  in the Li + and choline medium is larger than in 
normal or K + medium. 

(iii) In the case of K + or Li + substitution, the fluid 
secretion rate Jv  is nearly linearly inhibited, i.e., Jv is 
virtually proportional to [Na+L. However, the HCO~- 
flow ( 'IHco;) is inhibited linearly in the case of Li + 
substitution, but more strongly in the case of substitu- 
tion of choline for Na + and even more in the case of 
substitution of K + for Na +. 

(iv) If we take the K + concentration ratio between 
secreted fluid and bathing medium [K + ] J [ K  + ] h) as an 
indicator of the transepithelial electrical potential dif- 
ference, we can see that this potential is increased upon 
replacement of Na + by a less permeant cation (choline, 
Li+), and decreased upon stimulation by CCK-8 in all 
cases. 

A model that simulates the experimental results 
At first, we attempted to simulate the data with a 

variant of the model described in Methods, in which the 
HCO~- pump activity was taken to be independent of 
the Na  + concentration in the bath ( fN, .  = 1) and the 
shunt permeabilities of the substituting cations were 
different from that of Na +. Then we tried another 
simulation by using a model in which the pump activity 
was dependent on the Na  + concentration in the bath, 
but in which the permeabilities of the various cations 
were identical. Since both variants of the model were 
not able to simulate the experimental findings sum- 
marized in Table I, we turned to a combination model 
which has become the main model of this paper. 

The parameter values for this model, as it is de- 
scribed in Methods, are given in Table 11. The values 
for fluid and ion secretion rates predicted by the model 
are given in Table I (italics), and are within approx. 
10% of the experimental values. The results on [Cl-]s 
and J a - ,  and on [HCO~']~ and JHCO; are generally 
somewhat more deviatit,g from the experimental results 
than those on Jv ,  [Na+]~ or [C+I~ and JN," or J c ' .  
[CI- k is slightly increased in choline medium, whereas 
the model predicts a decrease. However, both in experi- 
mental and model situation, [CI-]~ is lower in choline 
and Li ÷ medium than in K + medium, which seems to 
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TABLE II 

Parameter values for quantitatit,e model of pancreatic fluid .~ecretion 
Values were determined by an iterative method to give the best 
possible fit of the model to the experimental results. K is the apparent 
equilibrium constant, act is the maximum activity of the pump. PI is 
the ion permeability coefficient of ion I under control conditions, and 
elm ~s the stimulus induced permeability coefficient when secretion is 
modulated by the stimulus CCK-8. Kp, is the inhibition constant with 
respect to the substituting cation in case of Na" replacement. KNa I is 
the Michaelis constant of the pump with respect to Na'. and ct is a 
constant relating P l m  t o  J r -  and is proportional to the "openne.~s" of 
the activated shunt pathway. In line with the experimental situation 
[8],ICI I,was set to0,895. 

Pump K = 90 
act = 55.05 

Shunt Px.." = 755 
permeabilities PK" = 755 

Pl." = 105 
P~h,,I = 4.46 
P(I = 167 
P l l t t l ,  = 2 .03  

C o n s t a n t s  Kp ,  l c h o l .  Li  ' J 

= 100000 
K p l ( K  " ) -- 2 

K~;.I = 0.Ol 

CCK-8 induced P~'m = 100O0 
permeabilities P~:. m = ioooo 
( ct = 0.02707l Pt .-., = 101300 

/'~h,,~m = 800 
Pc.., = 800 
P l l t  i ) ,  m = 33.3 

be correlated to A~k, which is lowest in K ~ medium. 
Part of the discrepancy in the results on [CI ], could be 
due to an elcctroneutral C I - - H C O f  exchange in the 
ductal system which would tend to increase [CI ]~ at 
lower flow rates. In the case of Li + substitution, how- 
ever, this argument does not suffice since [CI-1, (0.52) 
is lower than the value predicted by the model (0.57). 

Control coefficients 
The control coefficients (C) of act, the ion permea- 

bilities, K, the ion concentrations in the bath, and of a, 
all with respect to Jv,  ~- [CI-]~ and [Na+L have been 
calculated for normal medium (Table 111) and for choline 
medium (Table IV). From the results of Table III, it can 
be concluded that the pump activity and, to a minor 
extent, the CI-  permeability are important in the con- 
trol of J v ( C J ' ( a c t ) =  0.70 and CJ"(Pc.I ) =  0.26). The 
low, negative value of the control coefficient of PHCO~ 
with respect to Jv  ( - 0.02) indicates that an increase of 
PHcoi under these conditions would slightly decrease 
Jv.  The second column in Table !II shows that, accord- 
ing to the model, the anion concentration profile in the 
secreted fluid is mostly determined by act (C Ic~ I-(act) 
= -0 .30)  and P,,~ (C Icl I-(Pcl ) =  0.24) and less so by 
Prq~" or PHco,. The transepithelial potential, or ~, is 
mainly controlled by the Na + permeability (C*(P,~a.) 
= - 0 . 1 1 )  and the pump activity (C*(act)=0.08).  It 
can be seen that the sum of the control coefficients of 
the independent activity parameters (act, ion permea- 
bilities and a)  with respect to the fluxes such as Jv  is 1, 
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TABLE 111 

Control of srstem parameters on fluid ~ecretion in normal bathing medium 

Values of control coefficients were determined according to Eqn. 10, and range from 0 (no control) to +1 (complete control). System parameters 
are act. P r~ ' .  Pcl • PH(-O~ and a, and the sum of the control coefficients of these parameters is 1 or 0 as given in the table. The control 
coefficients of K and [CI - ]b (the latter being related to the coefficient of [HCOj- ]h since the sum of these anion concentrations is constant), which 
are parameters other than the intrinsic system parameters, are given in the lower part of the Table. Jv  is the fluid secretion rate, [CV 1~ the 
secretory CI- concentration, and #, is equal to e F'~¢/Rr where /tff is the electrical potential across the epithelium. The control coefficients which 
are noteworthy are underlined. The subscript m refers to the CCK-8-stimulated state. 

Control C with respect to C with respect to 

coefficient (C)  of Jv  [CI- ]~ g, Jvm ICI- L~ ¢'m 

act 0.70 - 0.30 0.08 0.70 - 0.27 
e ~ -  0.0~ : ~ - 0.1--i 0.04 0.03 
Po 0.2__66 0.2....44 0.03 0.24 0.20 
PH('O, --0.02 0.01 > - - 0 . 0 1 : < 0  --0.01 0.01 

5-  0 o 0.04 0.04 

Sum 1 0 0 "~ O 0 

K 0.71) - 0.29 0.0.__88 0.70 - 0.28 0.06 
[CI ]h 0.75 0.61) 0.04 0.82 0.67 0.08 

0.06 
- 0.06 

0.02 
> -0 .01;  < 0  

- 0.02 

a n d  the  s u m  o f  t h e s e  c o e f f i c i e n t s  w i t h  r e s p e c t  to  [ C I - L  

a n d  ¢ is  0,  a s  t h e y  s h o u l d  b e  [9 ,10 ,12 ,23] .  

T h e  c o n t r o l  c o e f f i c i e n t s  o f  K a n d  [ C l - ] h  a r e  d i f f e r -  

e n t  in n a t u r e  f r o m  t h o s e  o f  ac t ,  t h e  i o n  p e r m e a b i l i t i e s  

a n d  a ,  s i n c e  t h e  f o r m e r  p a r a m e t e r s  a f f e c t  t h e  f l u x e s  in  

t h e  s y s t e m  v ia  the  l a t t e r  ones .  T h e  c o n t r o l  c o e f f i c i e n t  o f  

[ C l - ] b  r e p r e s e n t s  i n  e f f e c t  t h e  c o n t r o l  b y  t h e  i n t e r d e -  

p e n d e n t  i on  c o n c e n t r a t i o n s  o f  C 1 -  a n d  H C O  3 ,  s i n c e  

[ C l - ] h  c a n n o t  b e  c h a n g e d  w i t h o u t  c h a n g i n g  a l s o  

[ H C O ~ - ] b  a s  w e  w o r k  w i t h i n  t h e  l i m i t a t i o n  o f  c o n s t a n t  

m e d i u m  o s m o l a r i t y .  T h e  m a g n i t u d e s  o f  t h e  c o n t r o l  

c o e f f i c i e n t s  o f  K a n d  [ C 1 - ] b  w i t h  r e s p e c t  to  J v ,  [ C I - ] s  

a n d  ~ a r e  a l l  r e l a t i v e l y  l a r g e .  T h a t  is  [121, f l u i d  s e c r e t i o n  

r a t e ,  [ C I - ]  ~ a n d  t r a n s e p i t h e l i a l  p o t e n t i a l  d e p e n d  s t r o n g l y  

o n  t h e  t h e r m o d y n a m i c  d r i v i n g  f o r c e  d r i v i n g  t h e  H C O ;  

p u m p i n g  s y s t e m  a n d  o n  t h e  a n i o n  c o m p o s i t i o n  o f  t h e  

b a t h .  

I n  t h e  s t i m u l a t e d  o r  a c t i v a t e d  s t a t e  ( l a s t  t h r e e  c o l -  

TABLE IV 

Control of system parameters on fluid secretion #2 choline medium 

See legend to Table Ill.  In this medium. 44,~ of the Na + is replaced by choline (conditions as described in Table I). The control coefficients of 
[ Na~ ]b and [CI-]1, are related to those of [chOl]b and [HCOj-]b, respectively, due to the constant sum of the medium cation and anion 
concentrations. The control coefficients of the modulated permeability coefficients, Pim, are also given in this table. Noteworthy values are 
underlined. 

Control C with respect to C with respect to 

coefficient ~ [Na + 1, [ e l -  1, e,, Jvm I Na+ ]~m ICI- ]sin ~m 
( C ) o f  

act 0 8 9  0.0__.55; < 0  -0 .21  0.1_...00 0.79 0.1l - 0 . 2 4  
PN~" 0_.04 0.01 0.04 - 0.05 0.02 0.01 0.02 
P,h,,t 0.0.__.44 - 0.06 0.04 - 0.06 0.02 - 0.02 0.02 
P(, 0.0__99 0.02 0.11 0.01 0.12 0.02 0.10 
Ptl('o; -0 .07  > -0 .01;  < 0  0.02 - 0 . 0 l  - 0 . 0 4  -0 .01  0.01 
a O 0 0 0 0.10 -0 .11  0.l..._00 

Sum 1 0 0 0 : 0 

K 0.91) 0.04 -0 .21  0.l_..~l 0.80 0.11 -0 .25  
[ Na~ lh 1.49 0.2~5 0.38 --0.66 1.19 0.65 0.06 
[CI Ib 0.71 0.04 0.8_33 0.01) 0.84 0.11 0.74 

Pwa'm 0 0 0 0 0.01 < 0.01; > 0  0.01 
Pet m 0 0 0 0 0.02 <0.01;  > 0  0.01 
Prl('o, m 0 0 0 0 - 0.02 - 0.01 0.01 
e~ ..... ~ 0 0 0 o.09 - 0 . i t  0.0___27 

0 . 1 4  

- 0.02 
- 0.02 

0.02 
- 0.01 
-0 .11  

0 

0.15 
-0 .28  

0.15 

- 0.01 
< 0.01; > 0  
- 0.01 
-0 .11  



umns  of  Table  I l l )  most  control coefficients are only 
slightly different f rom the ones in the unact ivated state. 
The  control of  J v ~  by a is minor,  as is the case for 
[ C I - L ~ .  The  paramete r  g~ is under  slight negative con- 
trol of  a ,  which means  that also the transepithelial 
electrical potential  difference is decreased when (~ is 
increased. 

In Table  IV, the values of  the control  coefficients in 
the case of  replacement  of  N a  + by choline are shown. 
C o m p a r e d  to the values of  Table  II l ,  the control  coeffi- 
cients are similar in magni tude,  al though differences do  
exist. The  control  coefficient of Pchol with respect to J v  
is small (0.04), whereas,  relative to the o ther  coeffi- 
cients, it is large with respect to [Na+]~ and  ft. The  
factor  act is also impor tan t  in de termining [Na+]~ and  
thus [chol L.  The  control  coefficient of  K with respect to 
Jr ,  [CI-]~ and  ~ is again substantial ,  and  the control  by  
[Na+]b,  i.e., by  the N a  + and choline concentra t ions  in 
the ba th ing  medium,  of  Jv ,  [ N a + k  and if, and  also of  
[CI-]~ is considerable.  The  coefficient of  [CI - ]~  is rela- 
tively large with respect  to J v  and [CI -  L,  but  small  
with respect to ~. In the act ivated state (cf. the four 
r ight-hand columns of  Table  IV) the values of  the 
control  coefficients are  somewhat  changed.  The  a m o u n t  
of  s t imulant  added,  which determines  the magn i tude  of  
the pa rame te r  a ,  now has a relatively large effect on  
[Na+Lm, [CI-]~ m and  4'm, but  does not  s trongly affect 
Jvm" Except for the choline permeabil i ty ,  Pcholm, the 
act ivated ion permeabil i t ies  are  of  minor  significance in 
the control  of  the variables  J v ~ ,  [Na+]~m and  [CI-]~ m, 
and  ~'m" 

77 

The inner workings of  the model 
One may  summar ize  the model  for pancreat ic  fluid 

secretion as: ( 1 )  a transcellular electrogenic HCO~-  

p u m p .  (2) paracellular  movemen t  of  N a  +, (3) trans- 
epithelial water  flow to establish isotonicity, and  (4) 
paracellular  NaCI  and N a H C O  3 flow allowing for ad- 
ditional water  flow. Thus,  the system would work  as 
follows: 

(i) The  cells p u m p  H C O  3 across the epithelium, 
which tends to increase the osmolari ty of  the secreted 
fluid. 

(ii) Because this pumping  is electrogenic, a trans- 
epithelial electric potential  difference, negative on  the 
secretory side. is generated,  which drags  N a  + through 
the paracellular  pa thway  causing an  addit ional  tend- 
ency to increase the osmolari ty of  the secretion. 

(iii) Due  to (i) and (ii) water  is pulled across the 
epithelium. 

(iv) As a consequence of  (iii) ;.here will be a con-  
centrat ion grad;,ent for C I -  across the epithelium, which 
will drive C1- across and thus lead to an  addit ional  
water  flow. However ,  this flow may  be inhibited by the 
electric potential  generated by (i). 

I t  follows that there are  three componen t s  to the 
water  flow. The  first (J~.mt)~)  is related to the active 
H C O f  flow and is independent  of  the development  of  
an  electric pote:ttial. The  second (J~.¢O, linked to the 
N a  ÷ flux, depends  pr imari ly  on  the generat ion of  the 
potential .  The  third (Jw,cl),  linked to the C1- and 
ensuing N a  + fluxes, depends  on  the permeabil i ty of  the 
paracel lular  shunt  for C I -  and N a  +. 

TABLE v 

Results of simulation experiments in normal medium 

The results were calculated by applying the model equations under the simulated conditions indicated in the left column. One parameter was set at 
a given value, while the other parameters were unchanged and had the values shown in Table I I. Results are given for fluid secretion rate (Jv)- CI- 
and Na + concentrations and ep, all under both normal and ~timulated conditions. Underlined values are particularly noteworthy (see Results). ( ), 
not measurable variable. 

Jv Jvm [CI- ], [CI- Lm [Na + ~, It' :a ÷ ],m ~ 

Standard 100 105 0.51 0.5..44 1 1 1.13 1.10 

Pc,- = 0 47 61 0_ 0.23 1 1 1.06 1.06 
Pcl'm = 0 100 a 10....11 0.51 ~ 0.53 1 a 1 1.13" 1.10 
PHco~ = 0 !0~1 106 0.5__.11 0.54 l I 1.13 1.10 
PHco~m = 0 100 ~ 105 0.5| a 0.54 I ~ 1 1.13 ~ 1.10 
Pna* = 0 ~ " ~  __ (0.04) 0.49 (1) 1 (20.2) 1.34 

K = l 0 0 (0.89) (0.89) ( 1 ) (1) (l.00) (1.00l 
l CI - ] b = 0 49 49 0 0 1 I 1.0_~7 1.05 

IHCO/], IHCO/I~m 
Io~ts ~ neutral 91 97 0.58 b 0.59 c 0.89 b 0.91 c 0.53 b 0.50 c 

molecules 

a The same result as in the standard case. 
b Sum = 0.58+089+0.53 = 2. 
c Sum =0.59+0.91+0.50= 2. 
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TABLE Vl 

Results of simulation experiments in choline medium 

See legend to Table V. In this medium. 44% of the Na + is replaced by choline (."ondi¢ions as in Table I). ( ), not measurable variable. 

Jv Yvm [CI- ]s [CI- ]sm [ No+ Is INn + ]sm ¢' q*m 
Standard 45 52 0.44 0.51 0.9....~3 0.71.,' 1.77 1.48 

P('I- = 0 24 35 0 0.30 0.89 0.74 1.65 1.38 
Pc-I- m = 0 45 ~ 51 0.44 a 0.51) 0.93 ~ 0.78 1.77 1.47 
PHCO; = 0 48 54 0.43 0.50 0.93 0.78 1.79 1.49 
PHCO; ~ = 0 45 ~ 53 0.44 ~ 0.51 0.93 a 0.78 1.77 1.48 
Pr%" = 0 12 49 0.1.~1 0.4_~8 0 0.75 8.2....O0 1.60 
P~ho, = 0 43 51 0.41 0.50 1 0.80 1.90 1.51 
P, holm= 0 4~ a 45 0.44 a 0.4__...55 0.93 a 0.93 1.77 1.75 
K = 1 0 0 (0.89) (0.89) (0.56) (0.56) (1.00) (1.00) 
[CI- ]t, = 0 26 26 0 0 0.89 0.71 1.66 1.31 

IHCO; 1~ [HCO~" l ~  

Ions ~ neutral 38 45 0.73 0.72 0.53 0.53 0.69 0.58 
molecules 

Using the final model as formulated above, we may 
now perform 'hypothet ical '  (Gedanken) experiments 
that would be difficult to perform on the actual  biologi- 
cal system. For  instance, with respect to the relevance of 
the transepithelial potential for fluid secretion, we can 
ask the question: what  would be the water flow if there 
would be no electrical coupling between the ion fluxes. 
Therefore, we performed a computer  experiment where 
we replaced HCO~-. CI- ,  Na  + and  K +, and choline by  
neutral molecules (such as sugars) and then repeated the 
calculations retaining the permeabili ty coefficients of  
the previously ionic, now neutral species as well as the 
activity parameters of the pump. In the equations this 
came down to setting ~ equal to 1, i.e. setting At/, to 0, 
and relaxing Eqn. 9 to: 

[Na" ]~+[cholinels+ [CI- ]s+ [HCOf ]s ffi 2 (I1) 

The bot tom lines of Tables V and  VI show the results of  
this calculation. It can be seen that in the absence of 
electric coupling, the water flow would only be 9% 
smaller than in the presence of this coupling (Table V). 
In the case of substituting choline for a large fraction of  
the Na  + in the bath,  the electric coupling is responsible 
for 16% ( 1 0 0 ( 4 5 -  38)/45 percent) of the water flow 
(Table VI). 

Other  simulated experiments were those in which we 
examined the importance of the various ions for fluid 
secretion, by calculating the effect of setting the ion 
perm~:abilities to zero (Table V). Reducing Pc~- to zero 
reduced the volume flow, Jr ,  by 53%, decreased [CI-]~ 
to 0 with no effect on [Na+]~ and slightly reduced #~. It 
should be noted that a decrease of e# always indicates a 
decrease in J z~l k I, i.e., a smaller, lumen-negative trans- 

epithelial potential.  A zero CI -  permeabili ty also 
amplified the st imulant- induced increase of Jv ,  from 5 
to 30%. On the contrary,  setting P a c o i  to zero had  a 
slightly positive effect on Jv  and  Jvm- Lowering PNa÷ 
to zero completely abolished fluid secretion, caused CI -  
to virtually disappear  from the secreted fluid and  ~ to 
increase considerably, while it resulted in the relatively 
largest increase in J v  upon  stimulation (from 0 to 93). 
For  the unst imulated conditions, the latter experiments 
would be comparable  to replacing CI- ,  HCO~" or  N a  + 
by ions with very low permeabili ty coefficients. Finally, 
a zero P a - m  strongly reduced Jvm - J v ,  whereas setting 
PHCOim to zero did not  affect the stimulated fluid 
secretion at all. Setting act  equal to zero, or K equal to 
1 also abolished fluid secretion under  both  control and  
stimulated conditions,  which means that  a free energy 
input  to the HCO~- pump  and  a non-zero activity of  
that  pump  (the latter not  shown) is essential for fluid 
secretion. When [Cl - ]b  was lowered to zero, i.e. CI -  
replaced by  HCO~" (since [CI-]  + [HCO~'] = constant),  
fluid secretion was reduced by 51~o, while the only 
anion in the secreted fluid was, obviously, HCO~ (Ta- 
ble V). Upon  reducing [CI-]b to zero, stimulation did 
no longer result in an  increase in Jv .  

When we simulate the above-mentioned experiments 
in choline medium, the results are essentially similar or 
a little more pronounced (Table VI). Setting Pc~- to 
zero again caused a larger increase in Jv  upon stimula- 
tion (from 24 to 35) than under  normal  condit ions 
(from 45 to 52), while setting Pcl-m to zero now had 
little effect on the increase of Jv  by CCK-8 stimulation. 
The effects of setting PHCO~" and  PHCO~m tO zero were 
again negligible as is the case in normal  medium. Re- 



ducing PNa~ to zero caused a large reduction in J r ,  
with a relatively large increase of Jv upon stimulation 
(from 12 to 49). in this case, [CI-]~ was again consider- 
ably decreased, and ~b increased from 1.77 to 8.20. 
When Pchol was set to zero, Jv was only very slightly 
decreased (from 45 to 43), and also Jv,, as well as the 
other parameters were barely affected. In other words. 
replacing Na + by a cation for which the epit~,lium is 
impermeable, has only a slightly more pronounced ef- 
fect than replacement by choline. This can be under- 
stood from the fact that, compared to PN~, P~h.,: is 
negligible or, very dose to zero. Setting P~ho:~, to zero 
caused Jv, [CI-]~, [Na+]~ and ~ to remain at their 
control values upon stimulation. By setting act equal to 
zero, K to 1, or [Cl-]b to zero, the same results were 
obtained as by this simulation in normal medium. 

Discussion 

In this paper, we present a quantitative elaboration 
for a qualitative scheme of fluid secretion from the 
isolated rabbit pancreas. This model accurately repro- 
duees the results obtained in previous studies 
[7,8,22,25,26], which verifies the validity of the original 
scheme. Quantitative models have the advantage of 
forcing one to be explicit and precise. For instance, in 
our qualitative scheme, it was not specified to what 
extent the inhibition of fluid secretion in the case of 
Na  ÷ substitution is due to a reduction in the activity of 
the 'HCO~- pump', and to what extent it is due to 
inhibition of passive paracellular cation flow. In the 
case of K + substitution the fluid secretion rate, Jv.  was 
linearly, i.e. proportionally, reduced upon decreasing 
[Na+]bwhereas Jnco ;  was inhibited more than propor- 
tionally [6,8]. Upon substitution of Li +, however, JHco~ 
was inhibited linearly by the decrease in [Na+]b [8]. 

These observations led us to specify the model in 
terms of a linear dependence of JHco;,  and not of J r ,  
on [Na+]b in general, with an additional inhibitory 
effect of K + on the HCO~ pump. The actual mecha- 
nism, or site, at which these dependencies come into 
pla 3. could be the Na+/HCOj ' -cotranspor t  system op- 
erative in the basolateral membrane of the pancreatic 
fluid-secreting cell [25]. Inhibition of Jv  by replacement 
of Na + by other cations would be partly due to inhibi- 
tion of JNco; through reduction of [Na÷]b (for all 
substitutions) or due to a special inhibitory effect on the 
HCO~ pump (for K+), and partly due to inhibition of 
passive cation permeation (for all substitutions). 

The results predicted by this model are in very good 
agreement with the experimentally obtained results on 
both fluid secretion rate and secretory ion concentra- 
tions as well as transepithelial potenti~. Paradoxically, 
the flow of a particular ion can be reduced while its 
concentration in the secreted fluid is increased. For 
example, the removal of Na + causes in all cases an 

increase of [CI-],.  whereas the CI-  flux ( J c l )  is de- 
creased (Table I). Here the model helped us to further 
understand the system. It allowed us to verify that the 
latter is the result of (i) a decreased water flux due to 
decreased pumping of HCO~-, and therefore of cations, 
water and thus anions, and also of (ii) an effect of Na ÷ 
substitution on ~ff, leading to a decreased passive Jcl 
in the case of Li ÷ and choline substitution, and a 
slightly increased Jc! in the case of K + substitution. 
The net result of th:s is that Na + substitution has an 
inhibitory effect on both JHCO, and Jcl- but tends to 
increase [CI-] ,  because Jc~ is less inhibited than Jnco . 

The effect of stimulation by CCK-8 is satisfactorily 
explained by a differential increase in the shunt permea- 
bility of all cations and anions. The permeability in- 
crease can be visualized as the opening of a separate ion 
channel with relative ion permeabilities which are dif- 
ferent from those of the normal channel (Table I1). The 
model assumed for both channels a much larger per- 
meability for cations than for anions. 

Quantitative models also allow tl,e evaluation of 
control coefficients (Tables I l l  and IV). In this case. 
these suggest that fluid secretion rate is predominantly 
under control of the pump activity and to some extent 
also of the CI-  permeability, in both normal medium 
and choline medium. The equilibrium constant K, i.e. 
the metabolic free energy driving the HCO~" pump, and 
[Na +] b and [Ci- lb  all have a large regulatory potential. 

As pointed out above, the dependence of fluid and 
ion s~ret ion on [Na+lb is two-fold, through pump and 
shunt, and this explains that the control coefficient of 
[Na+]b can be larger than 1. This contrc,l coefficient i.~ 
in part determined by the Na + dependen.~e, or the 
so-called elasticity coefficient of the pump and the 
shunt with respect to Na + [9,12,23]. In the choline 
medium, these two elasticity coefficients are 1 and 15.9, 
which is in agreement with the result obtained of a 
control coefficient of [Na+]h on Jv  of 1.49 (Table IV). 
since the shunt permeability for Na + has a approx. 
25-times lower control coefficient on Jv than the pump 
activity (1.49 = 0.893.1 + 0.035.15.9). 

Quantitative models allow one to simulate experi- 
ments that have not been carried out yet. This can be 
useful in terms of increasing the understanding of how 
the model, and supposedly the system, works. From the 
results of such simulations we infer that in normal and 
choline medium the CI-  and Na + permeability, but not 
the HCO 3 permeability are essential for fluid secretion, 
and that a positive free energy difference of the pump 
(AG > O, K >> 1) is a necessary condition for secretion. 
If we set Pa  at 0, we obtain a theoretical result of 53% 
inhibition of J r .  The experimental equivalent of this 
simulation, which is the replacement of CI-  by a largely 
impermeant anion such as isethionate, led to approx. 
50% reduction of fluid secretion rate [7]. The activated 
permeabilities for CI-  ( P a  m) and Na + (PN,.m) are 
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important, whereas PHCO;m is not important for the 
stimulated fluid secretion rate, Jvm. 

An implication of the simulation of the absence of 
electric coupling (Tables V and VI, bottom line) would 
be that if one would succeed in short circuiting the 
pancreatic epithelium, this would only lead to a minor 
reduction in volume flow. Thus, mainly osmotic forces 
are responsible for ion and therefore water secretion in 
the pancreas. 

The HCO~" transporting mechanism in the pancreas 
is apparently located in the ductular  a n d / o r  
centroac.inar cells. However, previous biochemical and 
histochemical studies, and the fact that CCK and 
acetylcholine receptors are located exclusively on acinar 
cells, have indicated that paracellular transport is an 
acinar event [26]. According to this concept, HCO~ 
ions would be transported actively through the ductular 
cell, and cations and anions would be transported pas- 
sively through the junctions between acinar cells. Where 
water is secreted remains to be answered. Although our 
model cannot provide the answer, it does not depend on 
it either. 

Our model for fluid secretion hinges on some basic 
assumptions. Some of them can be readily verified, 
others are subject to questioning. However, with a few 
simple underlying hypotheses, the model is able to 
simulate the experimental results described and dis- 
cussed in previous papers [6-8] with remarkable accu- 
racy. Therefore, it is powerful enough to give a possible 
explanation for these results. The complexity of the 
secretory system, however, which might well be greater 
than as proposed in our model, could account for small 
differences between model and reality. 
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