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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 substi cation. S lation of the p

by CCK-8 or carbachol Tlular ion bility and, in some cases, also fluid secretion rate. We present
a simple, quantitative model for ion and water secretion which accoums for the effects observed upon Na* substitution
and stimulation. The main features are active, Na™. 0y port and passive, paracellular
cation and anion permeation. The activity of the HCO; pump is dependent on the energy status of the cell and on the
Na* concentration i m the bathing medmm, and is competitively inhibited by K *. The paracellular ion permeabilities can
be dulated by y We the extent to which, according to the model, fluid secretion is
controlled by the various system parameters such as ion permeabilities and fon pump activity, and by external

parameters such as the ion concentrations in the bathing

In addition, 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 |s generally thoughl to be the result
of an ti d by the port of
ions across a membrane or epithelium [1]. In the exoc-
rine pancreas, the primary uphill transported ion is the
HCO;7 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 concentrations equal to or
lower than those in the medium. A variety of studies on
pancreatic fluid secretion have shown that, besides
HCOj, Na* is essential for secretion [3-6]. The other
ions K*, CI~, H,PO; and Ca?* and Mg?* are prob-
ably not directly involved in HCO; -dependent fluid
secretion.

It is likely that Na™ and the other mono- and diva-
lent cations are secreted ihrough a paracellular route {6}
Since Na* is the most abundant cation in the medi
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and in the secreted fluid, one might argue that the role
of Na* is maybe essential. but only passive. However,
removal of Na* 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 transport mechanism [7). One way to de-
termine whether, of 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 Na™ on the fluid secretion rate and the ion

i in lhe d fluid. In a qualitative
di i ly luded that the effects of

we
the substitutions could not easily be explained by the
different permeabilities of the shunt for the different
ions alone, or by a simple Na* depcndence of the
HCO; pump alone [8].
To assess the relative importance of the various ways
in which the Na* ion would affect
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 Cl~ permeability, or the simpie
pumping of HCOj5 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

Jer- = Iv[C17 Jo= (Poy- + aPer-m)UCH 1o = €17 19 (4)

S ([Na* 16.1C* In) = [Na” oK ny )

1
IC e
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Explanation of symbols:

Jy = transepithelial volume (= water) flow

inactivation of enzymes or permeabilities, li
control theory has generated concise definitions of so-

o= lial flow of ion I
[y = concentration of ion [ in bathing medium or
d fluid, ively

called conlrol coeiﬁclems [9-12]. From a q
formul, of p fid ion one would be
akle to evaluate these control coefficients and begin to

understand to what extent each of the fundamental

p Is and thus overall
For modelling of lransepithelial transport various
hods exist. We exp d the ph logical non-

equilibrium thermodynamic method [13] to lack detall

C* = cation replacing Na*
K = equilibrium

PP

of HCO; trans-
port mechanism, or the driving force of the
HCO; pump

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

P, = shunt permeability coefficient of ion I

Py, = modulated shunt permeability coefficient of ion

1o allow us to address the rather }
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

1 for the stimulant induced ion channe}

kinetic information. Thus we pl an
in-between these two [12), in which snmple rate equa-

a = factor propomonal to the degree to which the
paracellular shunt is open
loved 1 = for the 1 electric p 1
difference, exp( FAY/RT)
1 Ay = ithelial electrical potential difference

tions are used which nevertheless bear the
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 bring the model in line with the
experimental findings. Subsequently, we determine to
what extent the rate of fluid secretion and the composi-
tion of the 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, and- which we have found to
be the most appropriate for this particular epithelium.
The equations which relate the flow of anions or cations
to their permeability coefficients and concentrations
and to their active pump components are as follows:

Juco; =Jv[HCO; J, =act- f,- (K [HCO3 |, — [HCO5 )}

+(Pucos + aPuco; mJ([HCO; ], ~ $[HCO 1) m
Ings = Jdy[Na” ]y = (e + 0Py m)(9[Na” Jo—[Na ™)) 2

.
Jer = IV (CH ] = (Poe + aP-n M$[CH = [C* 1) )

(bath relatnve to secreted fluid)

K o= Michaelis constant of the HCO; pump with
respect to Na*

K,; =inhibition constant of the HCO; pump with
respect to the cation substituting for Na*

The above equations describe the model depicted in
Fig. 1B, which is a reduction of the model given in Fig.
1A. This reducti izes that, ially, the over-
all system consists of two elements in parallel, one, the
cell or cell membranes, actively pumping HCO; across
the epithelium, the other, the paraceliular path, allowing
passive transepithelial permeation of water and all the
ions. The first equation (Eqn. 1) describes the active
pumping of HCO; as well as the passive HCO; per-
meation. Eqns. 2-4 describe the passive movements of
Na*, cations and Cl-, respectively, across the epi-
thelium.

The HCO; pump, functioning at a rate Jp"(‘°5 (Eqn.
1), is driven by an effective thermodynamic driving
force:

AG,/RT=1n K ©

which is likely to be a complex function of the activity
of various cellular processes, such as the Na*/K™*-
ATPase and Na*/H™ antiport or Na*/HCO; symport
activity across the basolateral membrane, and of the
intracellular hydrolytic free energy of ATP. The HCO;
concentration in the bath, or, effectively, at the active
site of the HCO; translocator is assumed to be con-
stant and buifered by pH and pco, The factor fy,+
(Eqns. 1 and 5) describes the modulation of the activity
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Fig. 1. (A) Conceptual madel for fluid secretion in the ductular 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. which, through in-

dinisation and duction of HCO; intains the
transcellular transport of HCO; . Na™ and K *, and other cations, are
secreted via the paracellular pathway. The transport rcute for Cl™ is
paracellular, transcellular or both. Omitted are the leakage pathways
for the various ions, such as for K™ in the basolateral membrane. (B)
Model for fluid secretion in the pancreas as a result of simplification
of Fig. 1A through a nonequilibrium thermodynamics treatment. The
model features an electrogenic transepitheiial HCO; pump furnished
by the ductular cells, paralle to paracellular, passive cation and anion

movement.

of the pump by the bath concentraticns of Na™ 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*], as the only relevant cation concentra-
tion term ([C*]y). Thus the pump activity is taken to be
proportional to the Na™ concentration 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-
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where Ly, would be proportional to the average
HCO; concentration in the shunt [12,13]. We used the
related thermokinetic relationship given in the last right
hand term of Eqn. 1. which reduces to Eqn. 7 in the
near equilibrium case. Py, is the permeability coeffi-
cient of the shunt pathway for HCO; in the absence of
a stimulus. Pyco, . 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*, C1™ 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 C1~ is close to equilibrium.

The right hand sides of Eqns. 1-4 contain six varia-
bles. i.e. the four ion co ions in the d
fluid, the water or volume flow Jy and the electrical
potential factor ¢. An additional expression for the
volume flow is {19}

Su= Lp(38 = T3 )+ Vo, JHCO ®

Here Lp is the hydraulic permeability coefficient for
water flow. AP is the transepithelial difference in hy-
drostatic pressure, which is equal to zero in the cases
under id o, is the refl coefficient for
any substance i (in our casc NaCl and NaHC0O,) [19,20),
and A7, is RT times the transepithelial concentration
difference for substance i. The term containing the
partial molal volume of HCO; (Vyco,) and the HCO;
flux through the pump (V) can be neglected. We
will now assume that the water permeabilit and hence
L, is high compared to ihe activity of the HCO; 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, Aw, across the
epithelium is negligible, as is observed experimentaily
[3,21). We will also assume electroneutrality of both the
bath and the secreted fluid which, together with the
neglection of A, leads to:

(€17 )+ [HCO7 |, = Mun /2 = [Na” J+[C" [

Using the latter two equations, Eqns. 1-4 are reduced
to four equations with four unknowns, i.e. Jy, ¢, [Na*],
and [HCOj; ], and solved numerically.

In the equations used for the simulations, all the ion

way, with a thermodynamic driving force betrayed by
the near equilibrium relationship:

HCO;
228 = Lucos (RT "‘—[[Hco}]f -ra¢) -
.

s in the bathing medium and secreted
fluid are normalized, so that the sum of cation con-
centrations = 1, and the sum of anion concentrations =
1. We also assumed that the only cations are Na* and
K* and replacing cations, and that the only anions are
C1” and HCO; . In this procedure, we did not dis-
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criminate between Na* and K* in the normal, Li* and
choline media, since K* is present in only minor

cient indicates the relative effect on the flux of a small
relative change in the enzyme activity. It is defined

amounts and the permeability for K* is virtually equal
to that for Na* [22]). Thus, [Na*], in the model equa-
tions is equal to the measured [Na* + K*], value, ex-
cept for the media in which Na* is replaced by K*,
where [Na*], in the equaiions is the measured [Na*],
value. Parameter values for the model were obtained by
attempting to find the best possible non-linear least-
squares fit to the data presented in the previous paper
(in Table I). The fitted data were the volume flow, the
Na™* concentration in the secreted fluid and the CI~
concentration in the secreted fluid. In view of the
possible exchange between C1~ and HCO; in the effer-
ent ducts we only attempted to reproduce the trends in
the Cl~ concentration and Jg-. Furthermore, we as-
sumed that CCK-8 and carbachol increase the ion per-
meability by opemng an extra parace]]ular shunt path-
way to an extent di dent on the sti [V a-
tion reflected in the factor a. This extra shunt pathway
has different permeability ratios for the various ions Summary of experimental findings
than the normal pathway. The cation permeabilities of The data on the effects of replacement of Na* by
this pathway were taken equal, and higher than the Li*, K* or choline on fluid secretion rate and ion
anion permeabilities. concentrations in the secreted fluid have been described
The extent to which certain are rate-limiti in the ac ying paper (Ref. 8, Table I). When we
for a metabolic flux can be quantified in terms of their normalize the data from control, Li* (74 mM), choline
flux-control coefficients [23]. The flux control coeffi- (66 mM) and K* (99 mM) substitution experiments and

mathematically as:
Cl=(da/I) /(de; /e,y =100-(8 /T s nereascine,

= (% increase in J )1% incrcsscine, (10)
where the differential refers to transitions between
steady states, and e, refers to the activity of the enzyme
under study. More in general, e; can be replaced by any
parameter of the system, such as permeabilities, equi-
librium or fixed ions. This method
was applied to calculate the control coefficients of, e.g.,
ion permeabilities, act and K with respect to variables
such as Jy or [Na™},. In Eqn. 10 it can be scen that a
control coefficient of 1 represents a propertional depen-
dence of J on the relevant e,.

Results

TABLE I

Experimental and model results for pancreatic fluid secretion in various media

Pancreatic fluid secretion rate, ion composition and ¢ were or

according to our model under control
conditiens, 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 are given in italics. Jy represents fluid secretion rate, J; is the flow rate of ion I, and [I],,, the concentration of
ion I in bathing medium or secreted fluid. C* is the Na* replacing cation. ¢ equals e™¥/R7. Ay represents the electrical potential across the

The it value of ¢ is [K*],/{K* ], and is given in parentheses. Jy is expressed as percentage of the control
value before Na* replacement or stimulation. [I],,, values are normalized values, so that the sum of cation and anion concentrations in bath or
secreted fluid equals 1. [Na* ]y, represents [Na* +K* ], except when Na™ is replaced by K*.

Medium Na*], €', Iy Na‘],  Jygr  [€*)s  Jor €V L Jo-  [HCOF),  Juco; ¢
Control 1 [ 00 1 100 0 0 047 41 053 53 (1.28)
100 1 100 0 [ 052 52 048 48 L3
+CCK-8 1 0 04 1 104 0 0 053 55 047 49 91
105 1 104 0 0 0.54 56 0.46 48 110
Li* 0.50 0.50 54 054 29 046 25 0.52 28 0.48 26 2.02)
54 058 31 0.42 23 0.57 30 044 23 126
+CCK-8 050 0.50 61 050 3 0.50 30 0.59 36 0.41 25 (1.46)
61 052 32 0.48 23 0.62 3 038 23 L
Choline 0.56 044 45 0.92 4 0.08 36 051 23 049 2 (1.51)
45 093 2 0.07 32 044 20 0.56 25 177
+CCK-8 059 041 52 079 a 021 1 0.56 29 0.44 23 Q2
52 0 40 0.22 u 051 26 049 25 147
K* 0.35 065 4 029 15 0.61 25 0.75 30 0.25 9.9 ©0.98)
a4 035 4 065 2 0.69 28 031 2 105
+CCK8 03¢ 0.64 43 035 15 0.65 28 019 34 021 9.2 0.97)
a4 035 15 0.65 27 071 30 029 2 1.04




add the numbers for ion flows we obtain the data
shown as arabic numbers in roman type in 1able 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*:
Prg»= Pg -2 Py 2 Pygiine. Hence there is probably no
inhibitory effect of on 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.

(ii) Stimulation by CCK-8 of fluid secretion rate

(Jy) in the Li* and choline medium is larger than in
normal or K* medium.
In the case of K* or Li* substitution, the fiuid
secretion rate Jy is nearly linearly inhibited, i.e.. Jy is
virtually proportional to [Na*],. However, the HCO;
flow (Jyco;) 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 bathmg medlum [K*],/[K*1,) as an

di of the t i I electrical potentiai 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 (fy,-=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 1 (italics), and are within approx.
10% of the experimental values. The results on [Cl™],
and Jg-, and on [HCO;], and Jyco; are generaily
somewhat more deviating from the experimental results
than those on Jy, [Na*], or [C*], and Jy,. or J;-.
[CI7]; is slightly increased in choline medium, whereas
the model predicts a decrease. However, both in experi-
mental and model situation, [C1”], is lower in choline
and Li* medium than in K* medium, which seems to
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TABLE I
Purameter values for quantitative model of pancreatic fluid secretion

Values were determined by an iterative method to give the best
possible it of the model to the experimental results. K is the apparent
equilibrium constant. act is the maximum activity of the pump. P is
the ion permeability coefficient of ion 1 under control conditions, and
Py i the stimulus induced permeability coefficient when sccretion is
modulated by the stimulus CCK-8. K., is the inhibition constant with
respect to the substituting cation in case of Na * replacement. Ky, is
the Michaelis constant of the pump with respect to Na*. and a is a
constant refating Py, to J;. and is proportional to the ‘openness” of
the activated shunt pathway. In line with the experimental situation
(8]. {C1™ ], was set to 0.895.

Pump K =90

act =55.05
Shunt Py, =155
permeabilities -

CCK-8induced Py, = 10000
permeabilities
(@ =002707)

Constants K (chol. Li*

= mooon
Kp(K*
Kun= u o

be correlated to Ay, which is lowest in K* medium.
Part of the discrepancy in the results on [C1], could be
due to an electroneutral C1”-HCO; exchange in the
ductal system which would tend to increase [C17], at
lower flow rates. In the case of Li* substitution, how-
ever. this argument does not suffice since [C17], (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 Jy. ¢, [C17], and [Na'], have been
calculated for normal medium (Table III) 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 Cl~ permeability are important in the con-
trol of Jy(C”(act)=0.70 and C’¥(Py }=0.26). The
low, negative value of the control coefficient of Pyco;
with respect to J,, (—0.02) indicates that an increase of
Pyco, under these conditions would slightly decrease
Jy. The second column in Table IIT shows that, accord-
ing to the model. the anion concentration profile in the
secreted fluid is mostly determined by act (€' h(act)
= —0.30) and P¢, (C'' 1(Pg-)=0.24) and less so by
P+ Or Pyco, . The transepithelial potential. or ¢. is
mainly controlled by the Na* permeability (C*(Py,-)
= —0.11) and the pump activity (C*(act)=0.08). It
can be seen that the sum of the control coefficients of
the ind dent activity (act, ion permea-
bilities and a) with respect to the fluxes such as Jy is 1,
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TABLE 1l
Control of system parameters on fluid sccretion 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, Px,-. P Puco; and a. and the sum of the contol coefficients of these parameters is 1 or 0 as given in the table. The control
coefficients or K and [C1 ], (the latter being related to the coefficient of [HCO; )y, 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. Jy is the fluid secretion rate, [CI™ ], the
secretory €1~ concentration. and ¢ is cqual to ¢”**/RT, where Ay 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 (€ of I @, » Tum [ o

act 070 ~0.30 008 070 =027 006
Puy 0.06 - 005 0.04 0.03 —0.06

P 026 0. 0.03 024 020 0.02
Puco, -002 001 —001: <0 -0t 001 >-001; <0
a 0 0 0 004 004 ~002
Sum 1 ] 0 1 [ 0

K 008 070 -028 006

[C17 ) 0.09 0.82 0.67 0.08

and the sum of these coefficients with respect to [Cl7], [HCO; ], as we work within the limitation of constant

and ¢ is 0, as they should be [9,10,12,23]. medium osmolarity. The magnitudes of the control
The control coefficients of K and [C17],, are differ- coefficients of K and [CI™],, with respect to Jy, [CI7]
ent in nature from those of act, the ion permeabilities and ¢ are all relatively large That is [12], fluid secretion
and a. since the former parameters affect the fluxes in rate, [CI7], and tr ithelial ial depend 1)
the system via the latier ones. The control coefficient of on the thermodynamic driving force driving the HCO;

{CI7], vepresents in effect the control by the interde- pumping system and on the anion composition of the
pendent ion concentrations of Ci~ and HCO;, since bath.
[CI7], cannot be changed without changing also In the stimulated or activated state (last three col-

TABLE IV
Control of system parameters on fluid secretion in choline medium

See legend to Table HE. In this medium, 44% of the Na* is replaced by choline (conditions as described in Table I). The control coefficients of
{Na™ ]y, and {Ci™ ]y, are related to those of {chol],, and [HCO; ]l,, r:specuvely, due to the constant sum of the medium cation and anion

The control ici of the Py, are also given in this table. Noteworthy values are

underlined.
Control C with respect to C with respect to

fici T = -
:‘oce) o.fxem 7 N T, . Py Tvm Na* |om €17 e P
act 005; <0 —021 0.79 on —024 014
Py .01 0.04 0.02 0.0 0.02 -0.02
Pent 006 0.04 0.02 —0.02 0.02 -002
Par 002 o1l 00 012 002 010 002
Puco >-001; <0 002 -00 -004 -001 0.0 -001
3 0 o 0 0.10 ~011 0.10 =011
Sum 0 0 o H 0 o 0
K 0.06 (ALY 0.80 on —0.25 .15
(Na*], 025 —0.66 119 0.65 0.06 -028
i, 0.04 0.08 0.84 o 074 015
Py o 0 0.01 <001; >0 0.01 -0.01
Pom 0 0 002 <001; >0 001 <001; >0
Pycoim 0 0 =002 -0.01 0.01 —0.01
Prenim 0 0 0.09 =011 0.07 =011




umns of Table I1I) most control coefficients are only
slightly different from the ones in the unactivated state.
The control of Jy,, by a is minor, as is the case for
[C17 ], The parameter ¢ is under slight negative con-
trol of &, which means that also the transepithelial
electrical potential difference is decreased when a is
increased.

In Table 1V, the values of the control coefficients in
the case of replacement of Na* by choline are shown.
Compared to the values of Table III, the control coeffi-
cients are similar in itude, although differences do
exist. The control coefficient of P, with respect to Jy
is small (0.04), whereas, relative to the other coeffi-
cients, it is large with respect to [Na*], and . The
factor act is also important in determining [Na*], and
thus [chol],. The control coefficient of K with respect to
Jy. [C17], and ¢ is again substantial, and the contml by
[Na*}],, i.e., by the Na* and choline in

The inner workings of the model

One may summarize the model for pancreatic fluid
secretion as: (1) a transcellular electrogenic HCO;
pump. (2) paracellular movement of Na*, (3) trans-
epithelial water flow to establish isotonicity. and (4)
paracellular NaCl and NaHCO, flow allowing for ad-
ditional water flow. Thus, the system would work as
follows:

(i) The cells pump HCO; across the epithelium,

which tends to i the larity of the d
fluid.
(ii) Because this oun’*pmw |s electrogenic, a trans-
ithelial electric p ive on the

secretory side, is generated, which drags Na through
the paracellular pathway causing an additional tend-
ency to increase the osmolarity of the secretion.

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

the bathing medium, of Jy, [Na*], and ¢, and also of
[C17], is considerable. The coefficient of [C17],, is rela-
tively large with respect to Jy and [C17],, but small
with respect to ¢. In the activated state (cf. the four
right-hand columns of Table 1V) the values of the
control coefficients are somewhat changed. The amount
of stimulant added, which determines the magnitude of
the parameter a, now has a relatively large effect on
[Na*],m [C17 )i, and &, but does not strongly affect
Jym- Except for the choline permeability, P, .. the
activated ion permeabilities are of minor significance in
the control of the variables Jy,,. [Na*],, and [Cl™},,.
and ¢,

TABLE V

Results of simulation experiments in normal medium

(iv) As a consequence of (iii) there will be a con-
centration gradient for C1~ across the epithelium, which
will drive CI™ across and thus lead to an additional
water flow. However. this flow may be inhibited by the
electric potential generated by (i).

It follows that there are three components to the
water flow. The first (J, yc0;) is related to the active
HCO; flow ard is independent of the devel of
an electric poteatial. The second (J, ). linked to the
Na* flux, depends primarily on the generation of the
poteatial. The third (J, ¢ ). linked to the Cl” and
ensuing Na™* fluxes. depends on the permeability of the
paracellular shunt for C1~ and Na®*.

The results were calculated by applying the model equations under the simulated conditions indicated in the left column. One parameter was st at
a given value, while the other parameters were unchanged and had the values shown in Table [1. Results are guven for fluid secretion rate (Jy). CI™
ditions. 1

and Na* concentrations and ¢. ali under both normal and sti d

values are 1y noteworthy (sze Results). { ).
not measurable variable.
v Jvm (SN O L {Na*5, Ha" L ¢ P
Standard 100 105 051 054 1 1 113 110
Po-=0 4 61 0 02 1 1 19 106
Py =0 100 101 051 053 1* 1 113° 110
Pycoy =0 1w 106 051 0.54 1 1 13 110
Pucosm=0 100° 105 051 ¢ 054 ° 1 13 110
Pyyr=0 0 93 004 0.49 (1) 1 202) 134
K=1 ] [] {0.89) (089 m [43] €1.00) (1.00)
[C17)y=0 L 49 ] 0 1 i 107 105
[HCO; }, [HCO7 Jym
Tons — neutral fn 97 058" 0.59°¢ 089" 091°¢ 053" 0.50°¢
molecules

® The same result as in the standard case.
® Sum =0.58+089+0.53=2.
© Sum =0.59+0.91+0.50 = 2.
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TABLE VI

Results of simulation experiments in cholire medium

See legend to Table V. In this medium, 44% of the Na* is replaced by choline (conditions as in Table I). (), nnt measurable variable.

Jv Jvm [Ci7 ], (€17 Ism Na*), Na* ]y L4 Pm
Standard 45 52 044 051 093 078 177 148
24 3 0 0.30 089 074 1.65 1.38
a5e 51 0.44° 050 093° 078 177 147
48 54 043 0.50 093 0.78 1719 149
a5° 53 0447 0.51 093° 0.78 7 148
n 8 on 048 9 075 820 L60
3 51 041 0.50 1 080 190 151
a5° a5 044° 045 093° 093 177 175
0 0 (089 (0.89) (0.56) (0.56) (1.00) (1.00)
€1 ),=0 2 2 [ 0 089 071 1.66 131
[HCO7),  [HCO )i
Tons — neutral 38 4 073 02 053 053 069 058

molecules

* The same result as in the standard case.

Using the final model as formulated above, we may

now perform ‘hypothetical’ (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 fiuid 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; . C1~, Na* and K*, and choline by
neutral molecules (such as sugars) and then repeated the
calculations retaining the permeability 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 Ay to 0,
and relaxing Eqn. 9 to:
[Na™ J,+{chofine]+{CI™ J;+[HCO;y ], =2 iy
The bottom 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 fracticn of
the Na* in the bath, the electric coupling is responsiblc
for 16% (100(35 — 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
permcabilities to zero (Table V). Reducing Pc,- to zero
reduced the volume flow, J,, by 53%, decreased [Cl™],
to 0 with no effect on {Na™], and slightly reduced ¢. It
should be noted that a decrease of ¢ always indicates a
decrease in |4y |, i.e., a smaller, lumen-negative trans-

epithelial potential. A zero Cl~ permeability also
amplified the stimulant-induced increase of Jy, from 5
to 30%. On the contrary, setting Pyco; to zero had a
slightly positive effect on Jy and Jy,,. Lowering Py,+
to zero letely abolished fluid caused CI™
to virtually disappear from the secreted fluid and ¢ to
increase considerably, while it resulted in the relatively
largest i in Jy upon sti (from 0 to 93).
For the unstimulated conditions, the latter experiments
would be comparable to replacing C1-, HCO; or Na*
by ions with very low permeability coefficieats. Finally,
a zero Pgy-, strongly reduced Jy,, — Jy, whereas setting
Pyco;m 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 [CI™},, was lowered to zero, i.e. CI™
replaced by HCO; (since [C17] + [HCO; ] = constant),
fluid secretion was reduced by 51%, while the only
anion in the secreted fluid was, obviousty, HCO; (Ta-
ble V). Upon reducing [C17], to zero, stimulation did
no longer result in an increase in Jy.

When we simulate the above-mentioned experiments
in choline medium, the results are essentially similar or
a little more pronounced (Table VI). Setting P - to
zero again caused a larger increase in Jy, upon stimula-
tion (from 24 to 35) than under normal conditions
(from 45 to 52), while setting Pg-,, to zero now had
little effect on the increase of Jy by CCK-8 stimulation.
The effects of setting Pyco; and Puco;m 10 zero were
again negligible as is the case in normal medium. Re-




ducing Py, to zero caused a large reduction in Jy,
with a relatively large increase of Jy upon stimulation
(from 12 to 49). in this case, [C17], was again consider-
ably decreased, and ¢ increased from 1.77 to 8.20.
When P, was set to zero, Jy was only very slightly
decreased (from 45 to 43), and also Jy,, as well as the
other parameters were barely affected. In other words,
replacing Na* by a cation for which the epithzlium 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 Py, ., Py, is
negligible or, very close to zero. Setting P, t0 zero
caused Jy, [C17],, [Na™], and ¢ to remain at their
control values upon stimulation, By setting act equal to
zero, K to 1, or [C17], to zero, the same resuits 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 p This model repro-
duces 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, Jy, was
linearly, i.e. proportionally, reduced upon decreasing
[Na™*], whereas Jyco; was inhibited more than propor-
tionaily [6,8]. Upon substitution of Li*, however, Jyco;
was inhibited linearly by the decrease in [Na*], [8}

These observations led us to specify the model in
terms of a linear dependence of Jyco;, and not of Jy,
on [Na‘], 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
play could be the Na*/HCO; -cotransport system op-
erative in the basol of the p
fluid ing cell [25]. Inhibition of J, by
of Na* by other cations would be partly due to inhibi-
tion of Jyco; through reduction of [Na*], (for all
substitutions) or due to a special inhibitory effect on the
HCOJ pump (for K*), and partly due o mhlbmon of
passive cation p ion (for all sut

The results predu.\ed by this mode] are m very good
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increase of [C17],. whereas the CI™ flux (Jiy ) is de-
creased (Table 1). 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 Ay, leading to a decreased passive Jc;
in the case of Li" and choline substitution, and a
slightly increased J, in the case of K* substitution.
The net result of this is that Na* substitution has an
inhibitory effect on both Jy,, and Ji,- but tends to
increase [C17], because Ji, is less inhibited than Jyyco; -

The effect of sumulauon by CCK-8 is satisfactorily

lained by a dif’ in the shunt permea-
blhly 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 11). The
model assumed for both channels a much larger per-
meability for cations than for anions.

Quantitative models also allow tie evaluation of
control coefficients (Tables III and IV). In thls case
these suggest that fiuid s ion rate is pi
under control of the pump activity and to some extent
alsc of the Cl~ permeability. in both normal medium
and choline medium. The equilibrium constant K. ie.
the metabolic free energy driving the HCO; pump, and
[Na*], and [C17], all have a large regulatory potential.

As pointed out above, the dependence of fluid and
ion secretion on [Na*]y, is two-fold. through pump and
shunt, and this explains that the control coefficient of
[Na*], can be larger than 1. This contrcl coefficient is
in part determined by the Na* dependence. 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*], on Jy of 1.49 (Table IV),
since the shunt permeability for Na* has a approx.
25-times lower control coefficient on Jy 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 Cl1™ and Na* permeability, but not
the HCO; permeability are essential for fluid secretion,
and that a positive free energy difference of the pump
(AG >0, K> 1) is a necessary condition for secretion.

of Ci~ by a largely

with the exper b d results on If we set P,- at 0, we obtain a theoretical result of 53%
both fluid secretion rate and secretory ion concentra- mhlbmon of Jy. The experimental equivalent of this
tions as well as h 1. Para ion, which is the repl
the flow of a particular ion can be reduced while its impermeant anion such as isethionate, led to approx.

in the d fluid is i d. For 50% red of fluid

example, the removal of Na* causes in all cases an

rate [7]. The activated
(Po-w) and Na* (Py,.,,) are

permeabilities for Cl™
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important, whereas Pyco; . is not important for the
stimulated fluid secretion rate, Jyg.

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 water ion in
the pancreas.

The HCO; porting in the p
is apparently located in the ductular and/or
ceniroacinar cells. However, previous biochemical and
histochemical studies, and the fact that CCK and
acetylcholi are located ively 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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