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Abstract. A mathematical model of the HCI3secreting  tive enzymes (secreted by the acinar cells) into the in-
pancreatic ductal epithelium was developed using nettestine [3, 5]. However, the ducts are not merely passive
work thermodynamics. With a minimal set of assump-conduits but also secrete an alkaline fluid, rich in
tions, the model accurately reproduced the experimenNaHCQO,, which washes the digestive enzymes down the
tally measured membrane potentials, voltage divider raductal tree and also partially neutralizes acid chyme en
tio, transepithelial resistance and short-circuit current ofering the duodenum from the stomach. The maximurr
nonstimulated ducts that were microperfused and bathegoncentration of HCQfound in pancreatic juice depends
with a CO,/HCO;-free, HEPES-buffered solution, and on the species, and varies between about #dmhe rat
also the intracellular pH of duct cells bathed in a£O and 145 nw in cat, dog and humans [3, 5].
HCOs-buffered solution. The model also accurately  The ductal tree forms only a small proportion of the
simulated: (i) the effect of step changes in basolatefal Kpancreatic mass (2 to 14% depending on Species, [3]}
concentration, and the effect of'Kchannel blockers on  and this virtually precludes the direct study of duct cell
basolateral membrane potential; (ii) the intracellularfunction in situ. However, in the 1980s a number of
acidification caused by a Néree extracellular solution groups developed techniques for the isolation of smal
and the effect of amiloride on this acidification; and (iii) interlobular and intralobular pancreatic ducts (which are
the intracellular alkalinization caused by a @lee ex- probab|y the main site of Hchecretion [3]), and have
tracellular solution and the effect of DIDS on this alka- ysed electrophysiological and spectrofluorometric tech:
linization. In addition, the model predicted that the lu- niques to study the cellular mechanism of HCS&cre-
minal CI'" conductance plays a key role in controlling tion [9, 23, 24, 38]. As a result of these studies, most of
both the HCQ secretory rate and intracellular pH during which have been performed on ducts isolated from the
HCGO; secretion. We believe that the model will be h9|p- rat pancreas, the H@ecretory model shown in F|g 1
ful in the analysis of experimental data and improve ourhas been proposed [9, 23, 24]. In brief, the initial step in
understanding of HCBtransporting mechanisms in pan- HCQ; transport is thought to be diffusion of G@hto the
creatic duct cells. duct cell and its hydration to carbonic acid by carbonic
anhydrase. The carbonic acid then dissociates irto H
and HCQ ions and the proton is translocated back acros:
the basolateral membrane on a'M#" exchanger. Ef-
fectively, this is the active transport step for HG; @vith

the energy being provided by the Naradient estab-
lished by the N&K*™ ATPase. Once accumulated inside
The ductal epithelial cells of the pancreas form a networkhe duct cell, the HCQion is then secreted across the
of branching tubules whose function is to convey diges-apical membrane on a GHCO; exchanger. The rate at
which these exchangers cycle is thought to be controllec
by the opening of Cl channels on the apical plasma
membrane. To date, cyclic AMP-activated, cystic fibro-
sis transmembrane conductance regulator (CFTR) ClI
* Present addresDepartment of Physiology, Osaka Medical College, Channels, and C&activated CI channels have been
Takatsuki Osaka 569, Japan identified on the apical plasma membrane of the duct
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cell. These ion channels are key regulatory points in theviembrane Parameters

HCQO; secretory mechanism and can be viewed as havin
two roles: (i) to provide luminal Clfor operation of the
apical anion exchanger, and (ii) to dissipate the intracel-

lular chloride that accumulates as the anion exchangers.
cycle. At the moment the model is based solely on thee
localization of transport elements in the duct cell, and th&BNa,H:

way in which they respond when HGGsecretion is
stimulated. Experimental validation of the model will

require the measurement of the electrochemical gradient
for the transported ions across the apical and basolatera ump

membranes of the duct cell.

Previously, mathematical models have been em-
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ployed to analyze ion transport events in a number of

epithelia (frog skin: [16, 20, 22], renal tubule: [7, 41, 43],
airway epithelium: [13], secretory epithelia: [6]), includ-

Buffering Parameters

ing the exocrine pancreas [19]. Our aim in this studyKcoz Dissociation constant of HCIICO, buffering system.

was to develop a mathematical version of the duct cel

Kug: Dissociation constant of intrinsic buffering system.

model described above, and to test whether it would
predict the behavior of the duct cell in both the transientFluxes and Flows

and steady states. In this paper we mainly confine our-

selves to a description of the model and to a compariso

of its behavior with published experimental data. How- ;-
ever, we have also asked whether the basic model Wllj

work—i.e., will it secrete HCQ at the concentrations

found in pancreatic juice while at the same time main-
taining reasonable values for the intracellular and elecEWue;:

trical parameters?

Some of our data have been presented in prel|m|nary Wew:

form [32, 33].
Materials and Methods

LisT oF SymBOLS

Subscripts

k: Compartment.l: luminal, c: intracellular,bl: basolateralp: bath
(in single-cell version).

m: Membrane (pathway)l: luminal, bl: basolateralj: junctional.

i Solute. X: total of solutes impermeable to membrane.

Compartment Variables

c(k:;’ [i]g: Concentration of solutein a compartmentk).

i Chemical potential of solutein a compartmentl.
50 -
i

i Electrochemical potential of solutén a compartmentk).
Pw: Static pressure in a compartmek. (

T Osmotic pressure in a compartmeky. (

Vol gy: Volume per 1 cr epithelium of a compartmenk),

= Electrical potential of a compartmerk)(

Compartment Parameters

Cpy: Compliance of a compartmeri)(
Cew: Electrical capacitance of a compartmekit (

Water flux through a membrane.

Total flux of solutei through a membranen).

Flux of solutei through diffusion pathway in a membrane.
Turnover rate of the N@H* antiporter.

Turnover rate of the CIHCO; antiporter.

Turnover rate of the NaK* pump.

Net water influx into a compartmenk)(

Net influx of solutei into a compartmentk].

Net influx of positive charge into a compartmehj.(

i(m)*

Na/H:
Jeimcos

Foump

F| Wi -

Constants
dt: Integration intervals.
Valence of solute.
Molar gas constant.
Absolute temperature.
Faraday’s constant.
Difference.

DmAaaN

THE MODEL

Our mathematical model of the pancreatic duct cell comprised the
transport elements shown in Fig. 1. There are two different versions o
the model. One version simulates an epithelial celsitu within an
intact duct (Fig. &), and the other version an isolated duct cell (Fig.
1B). The intact duct version is based on data obtained from microelec:
trode studies on microperfused ducts [23, 24, 25], while the single-cell
version is based on fluorescent dye and patch-clamp studies performe
on nonperfused ducts and on single duct cells [8, 9, 10, 11, 37, 38, 40]
The intact duct and single-cell versions are three- and two-compart
ment models respectively. The sole difference between the two ver:
sions of the model is the inclusion of a junctional pathway in the intact
duct simulation (Fig. A&). Otherwise, both versions are identical and
use a common set of parameters.

Variables

The model variables included intracellular [Nia[K *], [CI7], [HCO3]
and pH, membrane potential, and cell volume. Cell volume includes
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Na' Fig. 1. Schematic representation of the ion transport
K systems in the mathematical models @) &n intact
HO pancreatic duct, andj a single isolated pancreatic
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duct cell.

fluid and nonfluid components. The nonfluid component was assumedrable 1. Composition of the bathing solutions used in the computer
to be 40% of the initial value of the cell volume. Therefore, cell vol- model
ume (Vol,), is the form of:

Solution HEPES-buffered HCICO,-buffered

VOlgey = Volg+0.4 - Vo, ™™ (1)

Na* (mm) 146 146
where Vol is the volume of the intracellular compartment, which is K™ (mwm) 5 5
equal to the volume of water in the cell, and YgI"" is the initial cell CI~ (mm) 150 125
volume. HCO; (mm) 0.2 25

Membrane potentials are defined as follows: X (mm) 14.3 14.5

pH 7.4 7.4
PD, = E - E (2a) pCO, (MMHg) 0.32 40
PDy = E) ~ Eq) (2b) Osmolarity (mOsm) 3155 3155
PD = Eg) ~ By (20)

wherePD,, PD,, and PD,, are luminal membrane, basolateral mem-

brane and transepithelial potential differences, respectively. Table 2. Values of the compartment parameters, é@d G), and the
It was assumed that [NB [K*], [CI7], [HCO3], pH and volumes  initial compartment volumes (Vpls,) used in the model

in the luminal and basolateral compartments remained constant during

simulations. This assumption was realized by setting very large initial Luminal Intracellular Basolateral

values for the volumes of both compartments®flil/cm? epithelium;

seeTable 2). C, (I/atm) 1.0 x 18° 1.0 x 16° 1.0 x 16°
C. (F) 8 x10° 8 x10* 8 x10*
Voo (MI/C?) 1.0 x 16° 6.0 x 10 1.0 x 16°

Model Equations

The mathematical model simulates membrane transport and cellular

buffering systems in the duct cell. The membrane transport systemin  water Transport.The volume flux across a membrane is giv-
the mathematical model (FigAlandB) includes the following param- g, by:

eters: cell membrane water permeability, apical @nductance and

CI/HCO; antiporter, basolateral 'Kand N& conductances, N&* L
antiporter and N&K*-pump and paracellular nonselective cation con- d=Lp {Qp —Om+ 2 a- Ui)ci@”i} (33)
ductance. The intracellular buffering system contains intracellular '

HCO,/CO, buffering and intrinsic non-Cobutfering systems. It was where L, is the water permeabilityy; is the reflection coefficient of

assumed that all the parameters in the transport and buffering equations P ) . ) .
. . . . solutei, Cp is the hydrostatic pressure differencer is the osmotic
remained constant during simulations.

pressure difference,
I. Transport Equations om o= D RTG (3b)

The equations for water and electrolyte transport were derived using
network thermodynamics [16, 26], and were as follows: O is the electrochemical potential difference of soliyte
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Fig. 2. Kinetic model used to derive the turnover rates of thé/Na
exchanger (J,,) and the CI/HCO; antiporter (&,uco2-

Oy = RTOIn ¢ + zFOE (30)

andg; is a mean membrane solute concentration,

O
Cln g

5 - (3d)

whereE is the electrical potential difference, andz are the con-
centration and the valence of soluteespectively.R, T, Fand™ have
their usual meanings.

Whencin ¢; is 0 or close to 0, the following simplified equation

was used,
__o+g ,
&= (3d")

wherec! andc? are the concentrations of sollitén the two compart-
ments separated by the membrane.

Electrolyte TransportElectrolyte transport in the model occurs

through single ion diffusive pathways, antiporters and thé/Ki&a

pump.
1. Single ion diffusive pathwafconductance Transmembrane

flux of solutei (Jy) through a single ion diffuse pathway is described

by the equation:

Ji = (1= 0)GJd, + WGO; (4)

wherew, is the permeability coefficient of solufe Unless otherwise
specified, the model contained a Gliffusive pathway on the apical

membrane, Naand K" diffusive pathways on the basolateral mem-

brane and, in the intact duct version, Nand K" diffusive pathways in
the tight junctions (the paracellular pathway).
2. Antiporter. The model has CIHCO; and N&/H* antiporters
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[BI[E] = K[EB] (5d)
[Eo] + [E] +[AE,] +[BE,] + [EA] +[EB] = [E{] (5¢)
P(AE,] -[EA]) = P(EB] - [BE]) = Jas ()

From equations &-5f,

L Gus (AldB], - [A[BI,) 5
B = KA (L+ AL/ Kn+ BL/K(AL K+ Bl Kg = 9
(1+[Alo/Kn + [Blo/Ke) (Al /K + [BJ,/Ke)}

where G,z = P[E].
Therefore, the turnover rates of the d" exchanger (4., and
the CI/HCO; antiporter (&,4co2, can be expressed as follows.

_ Gran([Na Jo[H]. — [Na'l{H"],)
KnaKn{ (1 +[Na'Tp/Kya + [H To/ K ((Na' T/ Kya +
[He/Kpy) + (1 +[Na'To/Kya +
[H']o/Ki)(INa T/ Kna + [H o/ K i)}

3 _ Gcl/Hcos([Cl_]l[HCO;]c - [CI_]C[HCO;]I) (5i)
cuneos KeiKncod (1 +[CIT]/Kg +

[HCO;]/Khicoad([Cl 1K ¢ + [HCOs /K coa) +
(1+[CI']/K¢ +[HCO3)/Kycoa([Cl 1o/ Ky +
[HCGs]e/Khicos}

Iarr (5h)

where G and Gyucos are the permeability coefficients for the

Na*/H* and CI/HCQO; antiporters respectively. The dissociation con-

stants (K, = 100 mv, K,; = 0.5pMm, Ky = 10 mv and Kycos = 1

mm) were derived from data in the literature [14, 15, 18, 31, 38, 39, 40].
3. Na'/K* pump.The turnover rate of the N&™ pump (Jump»

was expressed as previously described by Hartmann & Verkman [13]

Joump= Gpump([Na+]c/[Na+]c + KpNa)3 (K T/ [K Tt + KpK)Z
(PDbI - Erev) (6)

The saturation constants wergyg = 25 mw for intracellular N&, and
Kok = 1.4 mv for extracellular K. The turnover rate is assumed to be
linearly dependent on the basolateral membrane potentig|)Ridh a
reversal potentialK,.,) of ~200 mV under physiological conditions [1,
29, 46]. One cycle of the N&™* pump was assumed to move 2K
into, and 3N& out of, the cell.

II. Buffering Equations

The model contains an intracellular HG/GO, buffering system and
an intrinsic non-CQ buffering system. Intracellular Hwas buffered
by both of these systems.

1. HCG;/CO, Buffering SystemWhen H" is added to the intra-
cellular compartment, Hcombines with HCQ according to the reac-
tion,

located on the apical and basolateral membranes respectively. Expres-

sions for the turnover rates of these exchangers were derived from the™ + HCO; — CO, + H,0 (7)
kinetic scheme shown in Fig. 2. We assumed: (i) that these antiporters

had a single site which bound the transported ions; (ii) that the transThis equilibrium is governed by the law of mass action,

ported ions competed for the single binding site; (iii) that the antiport-

ers did not cross the membrane in the absence of a bound ion; (iv) thdH J[HCO5]. = Koz PCOs 8

the velocity constantsP for transport from the outside to inside and

vice versawere the same; and (v) that the dissociation constants (K Where Keo is the apparent acid dissociation constant of the BCO
Kg) for each ion at the intracellular and extracellular faces of the CO; buffering system. The value ofd¢, was set at 24.9 pM/mmHg.

membrane were the same. Therefore:

[AlEo] = KA[AE,] (58)
[BlolEo] = Kg[BE,] (8b)
[A[E] = KAEA] (50)

Based on the rapid diffusibility of CQ it was assumed that
intracellular pCQ (pCGO,J), was given by,

A - pCOy + Ay - pPCOy
PO, = ©)
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Table 3. Values of the membrane parameters used in the model 100
Luminal Basolateral Paracellular - 80
[ =
A (cm?) 1.0 14.3 0.01 2 60
L, (cm/sec/atm) 1.0x 18 1.0x10° 0 < Z‘E:
w; (cm/sec) s 40
Na* 0 8.0 x 1012 1.4x107 E
K* 0 1.1x10%°  1.4x107 20
ClI~ 8.0 x 101 0 0 0
HCO; 0 0 0
H* 0 0 0
o' 6.60 7.00 7.40 7.80 8.20
Na* 1.0 1.0 1.0
K* 1.0 1.0 1.0 PHe
ClI~ 1.0 1.0 1.0 . L . ’
HCO; 1.0 1.0 1.0 Fig. 3. pH-dependence of the intrinsic buffering capacigy)( of the
H 1.0 1.0 1.0 computer model. The data points indicate the calculated buffering ca

pacities at the midpoints of the ptdhange induced by acid loadings of
4-30 mu to the intrinsic buffering system of the model. The line was
fitted by 3rd-order polynomial least squares regression analysis.

The permeabilities (}, w;) are values per 1 cfrmembrane.

where A and A, are the luminal and basolateral cell membrane areas,
respectively. Values of Aand A, are shown in Table 3.

2. Intrinsic Non-CQ Buffering Systent-or the intrinsic buffering
system a weak base B was assumed to react with"itb produce its
conjugate weak acid (HB),

H"+B™ « HB (10) IStore and indicate model variables |

This equilibrium is governed by the law of mass action,

| Control model parameters |

[H+]C[B_]C = KHB [HB]C (11)

where K, is the apparent acid dissociation constant of the intrinsic
non-CQ, buffering system. The values of f¢ and the total intrinsic | Increment time dt |
buffer ((HB] + [B7]), Boar Were set at 0.04 mnand 6m, respectively.
These values were taken from experiments on pancreatic ducts i
which an NH,Cl prepulse was used to acid load the cells [40]. Figure
3 shows the pH-dependency of the intrinsic buffering capagity of

the model and is very similar to the experimental data [40]. The value]
of B, used in the models corresponds to the buffering capacity at the

midpoint of theC)pH, induced by an acid loading of 4-30m1{40]. Calgullate Fe]r;}porary set of
model variables

| Calculate transport equations |

Fluid Compositions

- ) . . ) Calculate buffering equations
The compositions of the bath solutions used in the models are given i £¢q

Table 1. For most of the simulations we used either a EICO.-
buffered solution or a HCQCO,-free, HEPES-buffered solution as
indicated in the legends. The composition of these solutions was chof Calculate new set of
sen to mimic those used by Novak & Greger in their experiments on model variables
microperfused pancreatic ducts [23, 24, 25]. To simulate the effects o
increasing extracellular [K, basolateral Na was replaced by K

To simulate either Nafree or Cr-free conditions these ions were
replaced by an impermeable solute, X. Fig. 4. Flow diagram showing the procedure for computing the model

variables.

NUMERICAL SOLUTION [B7] of the temporary variables according to the buffering equations (8)

: . . . and (11).
Figure 4 shows the sequence in which the model variables were com-

puted. Given any set of model variables at titn¢he program first Transport Equations
calculated a temporary set of variables at timedt from the transport
equations (18)—(15d) using Euler's method. Finally, a new set of The fluxes of soluté across a membrama (J;,), for the basic model

model variables is obtained by modifying pHHCO:3]., [HB] and in which a basolateral Naconductance was present, are given below,
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Jeigy = Jacin) ~ Jevncos (12a) Buffering Equations
Jncoar) = Jemcos (120)
Inawh = ~3%ump+ Inamt + Janab (12c) From Fig. 4, it can be seen that the buffering equations were calculates
o = 2dhump+ Jacory (12d) after the transport equations. Based on the rapidity of chemical reac
Jnony = ~INarm (12) tions involved in the buffering process compared with transport phe-
INag) = Janag) (126) nomena, it was assumed that the buffering reactions were started ar
Iy = Jako) (129) completed instantaneously at the end of dhinterval (at timet + dt).
Assuming that the unequilibrated buffering reactions shown in
For combinations of andm other than those described above, equations 7 and 10 were equilibrated by progressing to the right by
andy respectively:
3m =0 (12)
where positive flux is defined as solute movement in the basolateral tch ]+[HCG;] — CO, +H,0 )
lumen direction. [H]+[B7] _y, [HB] (10)
The total fluxes of water and solute out of the intracellular com-
partment, Flv,, and Flw, respectively, were described as, then [H'] after equilibrium will given by [H]-x-y because H is
dissipated by both the reactions shown ifj @d (10). [HCOg], [B7]
Flwye) = =y + duoi) (139) and [HB] after equilibrium are given by [HC®-x, [B7]-y and
FIWnae) = Inaboi (130) [HB]+y, respectively.
Flwk (o) = Jkcoiy (130) Therefore, from the buffering equations (8) and (11):
F|W0|(c) = _Jcm) + ‘]Cl(bl) (13d)
Fitihcose = ~heoxy (o  ([HTeoy) (HCOT ) =KeozpCOs (162)
(e T SHeD (HY cmxcy) (BT o) = Kiig ((MBT ) (160)

A positive value indicates net influx into the intracellular compartment.
The total fluxes of water and solutes into and out of the luminal and
basolateral compartments were calculated in the same way.

The total electrical charge movement into compartmknt
(Flwgyy), is described as,

where [H]',, [HCO3]'., [B7]'. and [HB] . were intracellular concen-
trations of H, HCO;, B~ and HB respectively at time + dt before
equilibrium. Thex andy parameters represent deviations from the
equilibrium status in the HCE)CO, and intrinsic non-HCQCO, buff-
ering systems respectively. Values>fndy were derived from the
simultaneous equations @pand (1®), and the buffered variables at
Fiwe = >, 7+ F - Flwigg (14)  time t + dt. [H]cpqn HCO3lc.ear [BJe.ear @nd [HBL 1, Were

' calculated as below:

where positive current is defined as influx of positive charge into the

compartment. [H lotrae = [H T ey (17a)

The model variables at tinter dt before significant bufferinghad  [HCOs]; t+q¢ = [HCO3]' (17b)
taken place, VQli g Poytrats [ilc,ear @Nd Egg o, Were calculated B lerrat =[BT ey (17c)
from the transport equations @515d) using Euler’'s method. [HBI.trat = [HBY cay (17d)

VOl t+qt = VOl ¢ + Flw, - dt (15a) . . .
P = Pros + FIWv(k<))' GHCo (1)  Simulating Experimental Data
[ Tctsat = [t - VOt + Flw) - d)/VOl, gt (15c) ) ) ) ) N
Ego.eat = Eot + FiWege - dU/Cegg (15d) To simulate experimental data obtained under various conditions, the

model parameters, for examplé]f, Wi, Gyan and Geypcos €tc.,
where dt is the integration intervalC,, is the compliance of the —Were changed appropriatgly. _The inga.tct duct version of the model wa:
intracellular compartment; an@ is the electrical capacitance of usgally_ run undgr open-circuit conditions. However, when th? trans-
compartmenk. epithelial potential difference (RD), was set to 0 mV, the short-circuit
Membrane potentials were calculated using equationl)(15s- current (s, defined as current flow from the basolateral to the luminal
ing reasonable values for the integration intere), (and the electrical ~ compartment) was given by,
capacitance ), this method can accurately determine transient

changes in membrane potential. With valuesibf= 20 msec andC, Isc = (FIWeoty Ceoly = FIWety/ Ceqry)/ (1/ Ceyory + 1/Coy) (18)
= 8 x 10* Farads, the change in anion-cation gap in the cell remained
within 0.006% of the control value throughout all simulations. The voltage divider ratio (VDR) was calculated using the follow-

In equation (15), the cell complianceQ,,,), was set to a large  ing equation:
value (16°) (seeTable 2) because the static pressure difference be-
twe(_en inside a_md outside of_the cell was assumed to be ne_gligibIeVDR - [Zwi(bl) T 2F) +Gpump{[Na+]c/([Na+]c+ KpNa)}3
During simulations, changes in the volumes, solute concentrations and ;
static pressures of the luminal and basolateral compartments were neg- {IK o/ (K Tt + KpK)}2:| /EW«U S ZF (19)
ligible because the volumes and compliances of these compartments i
were all set to large valuesdeTable 2).

Of the model variables at time+ dt, those concerned with the The conductance of the N&K* pump is included into the basolateral
buffering systems, [H¢ t+qt, [HCO3] ¢ trats [Bl e t+ar @Nd [HB] ¢..q; Were conductance because the net charge flux by th&KNapump is de-
sequentially modified by the buffering equations. The other variablespendent on P[). However, its contribution to the total basolateral
were not changed by buffering. conductance is small.
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Table 4. Parameter values used in the model for thé/Kapump, the
Na'/H* antiporter and the CIHCO; antiporter

59

Table 5. Intact pancreatic duct model

HEPES HCQ/CO, Experimental data

Na'/K* pump (HEPES)

Gpump (MOl/V/sec/cnd) 4.38 x 10®

E,o, (MV) -200 [Na], (mm) 30.5 33.2 N/A

Kona (M) 25 [K*]¢ (mm) 100.4 105.0 N/A

Ko (MM) 1.4 [CI7]. (mm) 43.9 65.3 N/A
Na'/H* antiporter [HCO3],. (mm) 0.2 16.1 N/A

Gyt (Mol/secicrf) 5x107?° pH, 7.41 7.21 N/A

Kna (MM) 100 X1 (mm) 140.4 95.8 N/A

K,y (mm) 5x 10 Vol oy (ulicm?) 1.00 1.28 m
CI"/HCO; antiporter PD, (mV) -65.2 -65.1 -63

Geyhcos (mol/secicrf) 1.5x 108 PD, (MV) -1.0 -1.6 -0.8

K (mm) 10 VDR 8.4 8.2 8.2

Kicos (Mv) 1 R, (Qcr?) 50 49.9 88

lec (WA/CM?) 20.1 31.8 26

The permeabilities (Gmp Gnams Ceincod are values per 1 cfmem-

brane. Steady state model variables for ducts bathed on both the luminal an
basolateral sides with either a HG/GO,-free, HEPES-buffered, so-
lution or a HCG/CO,-buffered solution. Experimental data are taken

PARAMETER SELECTION from ref. 23.N/A = data not available.

Values for the membrane and transport parameters that we employed

are given in Tables 3 and 4 respectively. Using morphological datalable 6. Isolated duct cell model

from a study on isolated rat pancreatic ducts [2], apical, basolateral and

paracellular membrane areas were calculated to be 1.0, 14.3 and 0.01 HEPES HCQ/CO, Experimental data
c/cn? epithelium respectively, and the cell volume to be Li@m? (HCG,/ICOy)
epithelium. Water permeabilities ), of the apical and basolateral

membranes were set at Fcm/sec/atm [34, 35, 36]. Lp of the para- [N&'lc (mm) 30.5 333 N/A
cellular pathway was assumed to be 0 cm/sec/atm. The resting permé& Te (mv) 100.1 104.6 N/A

ability of the luminal membrane to Clwg,q, = 8 x 10t cm/sec), and  [Cl]c (mm) 43.2 64.3 N/A

of the basolateral membrane td K, = 1.1 x 10%°cm/sec) were  [HCO5]c (mu) 0.2 15.9 N/A
calculated from measurements of the voltage divider ratio (VDR), inPH: 741 7.20 7.18
microperfused ducts [23, 24, 25]. We found that inclusion of a baso-[X] (mm) 141.4 97.5 N/A

lateral N& conductanceviy,) into the model was necessary to ob- VOlcen (wlicm?) 1.00 1.27 m

tain accurate simulations of some experimental results. PD (mV) —65.0 -64.9 N/A

Steady-state model variables for single cells bathed in either agHCO
CO,-free, HEPES-buffered, solution or a HG/GO,-buffered solu-
tion. Experimental data taken from ref. 38a = data not available.
The computer programs were written in FORTRAN and ran under the

MS-DOS operating system on an IBM 386 PC compatible computer

fitted with a maths coprocessor. The variables and constants in the . . . .
programs were of the double precision data type. Wtk 20 msec., We” W|th Values reported n the Ilterature FOI’ InStanCe,

computation time was approximately one twentieth of the experimentaiTable 5 shows that in the intact duct model, bathed with
time. Decreasingdt 10-fold had no effect on the calculated time symmetrical CQ/HCOg-free solutions, the basolateral
courses of the model variables. membrane potential (Rf), the transepithelial potential
(PD,), the voltage divider ratio (VDR), the transepithe-
lial resistance (R), and the equivalent short-circuit cur-
rent () were all similar to the values measured in mi-
croperfused ducts [23, 24, 25]. Moreover, for both the
intact duct and the single-cell versions of the model,
intracellular pH (pH), was about 7.2 when the cells were
The model remained in a steady state under each simdsathed in a C@QHCO;-buffered solution, which is simi-
lated condition when the membrane and transport paramar to the measured value in the duct cell [38] (Tables 5
eters shown in Tables 3 and 4 were used. Steady-statnd 6). Tables 5 and 6 also show that on switching from
values for the variables in the intact duct and the singlea CO,/HCO;-buffered solution to a HEPES-buffered so-
cell versions of the model are shown in Tables 5 and @ution, pH, alkalinized by about 0.2 pH units which is
respectively. Steady-state fluxes and turnover rates ureonsistent with experimental findings [38], (M.G. Rae-
der each condition are given in Table 7. der, personal communicatign These quantitative simi-
Several of the steady-state model variables comparkrities between computed and experimental data sugge

ComPUTER CALCULATIONS

Results and Discussion

STEADY-STATE CHARACTERISTICS OF THEM ODEL
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Table 7. Intact pancreatic duct model A

HCO5/CO, Ba” 15
Solution HEPES { =
Wiy x1 x1 x20 S

o 0

Jciy 12.4 19.4 374
Janeco) 51.6 52.1 462 _ 720
Jik (o) -426 -47.7 558 E -40
3. 12.4 19.4 374 &%
Joumcos 12.4 19.4 37.4 -80
Joump 213 23.8 279 _i00

1 min.

Steady-state ions fluxes and transporter turnover-rates (nmol/mfin/cm
in ducts on both the luminal and basolateral sides with either a3ACO
CO.-free, HEPES-buffered, solution or a HG/GO,-buffered solu- B

tion. To mimic the effects of stimulation in the HG@O,-buffered 0
solution. the apical Cl conductance vic;,) was increased 20-fold
(* fold-change). -20

>
that our model accurately mimics the duct cell—at IeastE_

Iy

in the steady state. 9 -60
To date, no experimental data are available regard- /
ing the intracellular concentrations of N&™ and CT in -80

pancreatic duct cells. The computer model predicts
steady-state intracellular Naand K™ concentrations
similar to those previously reported for other epithelial 0 4 8 12
and nonepithelial cell types (Tables 5 and 6). In contrast, Wyaiy [X107"2cm/sec]

the steady-state intracellularGloncentration ([C]].) in

.a HC(Z—COhntalfl;lllnﬁ] meﬁluméGS ml’ SeeTab.leS ? and 6) ig. 5. Computer simulation of an intact pancreatic duct bathed with
IS somew a,t igher t_ ant _e V6.l ue previously reporte ymmetrical HCQ/CO,-free, HEPES-buffered solutionsh)(Effect of
for other'amqn secreting eplthelya (e.g., about 4\3 M changing the basolateral*kconcentration ([K],,) and the basolateral
nasal epithelium [44] and mandibular gland acinar cellsmembrane K conductancev.,,) on the voltage divider ratio (VDR)
[21]). However, the computer model predicts that ¢l  and the basolat_eral membrane potential {RPThese simulations were
falls sharply to values between 20 and 4® rwhen run with and without all;asolateral N&ondgctancev«,\,dbl)). Solid
stimulation is mimicked by increasing the apical mem- !¢ Wapy = 8.0 x 107 cm/sec, dashed lint(, = 0 cm/sec.
brane CT conductance (Fig.B). A fall in [CI ], follow- [K*], was increased by replac!ng Navith K*. (B) Relatlonshlp_be-
in timulation al I’. iﬁ mandibular CI nd in rtween PR andWyapiy- (O) PDy, in control conditions, ) PD,, with

Qfl 5[21'1' ation also occurs a ular glana acinar+ = 20 mu, and @) PD,, with Wiy = 1.1 x 10 cm/sec.
cells .

-40

We mimicked the effect of basolateral Baby de-

EFFECTS OFBASOLATERAL K* CONCENTRATION AND K* creasingWyp, from 1.1 x 10*°to 1.1 x 10** cm/sec.
CONDUCTANCE ON BASOLATERAL MEMBRANE PoTENTIAL  This reducedv,,, was calculated from the experimental

value of the VDR #£1.6) following addition of B&" to
When microperfused rat pancreatic ducts are bathed in Bolated perfused pancreatic ducts [25]. It can be seel
CO,/HCO;-free, HEPES-buffered, solution an increasefrom Fig. %A that reducingwy,, depolarized PR by
in the basolateral Kconcentration from5mto 20 v 37.2 mV (from —65.2 to —28.0 mV), and decreased VDR
depolarizes PR by 20 mV (from -61 to —41 mV), while to about 1.6. Note that aftem,,, had been decreased,
basolateral application of 5ymBa®* depolarizes PR by  raising [K'],, from 5 mu to 20 mv depolarized PR by
41 mV (from -64 to —23 mV) [25]. Figure ) shows only 6 mV.
the computed time course of the changes in VDR and  The time course, and the magnitude, of these com
PD,, following an increase in [K],, and a decrease in puted changes in Rpand VDR following elevation of
Wiy iN our computer model of an intact duct. Increas-[K™],, and a reduction ofv,,, are all very similar to the
ing [K*]y,, from 5 to 20 v rapidly depolarized PR by  experimental data reported for microperfused rat ducts
23.4 mV (from —65.2 mV to —-41.8 mV), and at the same [23, 25]. However, changes in Bhat were consistent
time increased VDR. Both the depolarization and thewith the experimental data could only be produced by the
change in VDR reversed immediately after’]li was  model if a sodium conductancei(,y,), was included in
returned to the control value. the basolateral membrane.
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BasoLATERAL Na" CONDUCTANCE It was reported by Novak & Greger [23] that there
was no significant Nadiffusive pathway on the baso-
Figure 5A confirms that the presence ofvg,(,, depo-  lateral membrane of rat pancreatic duct cells. However
larizes P}, and also affects the magnitude of the de-setting Wy, in the computer model to 8.0 x 1%
polarizations caused by elevating i, and reducing cm/sec (equivalent to only 7% ®¥,)), and assuming
Wy py- Moreover, the time courses of the flesponses  that the paracellular pathway conducts choline as effec
following elevation of [K], and a reduction irw,y,, tively as Nd and K', we found that reducing [N, to
were slightly different when a basolateral Neonduc- 0.1 mm by replacement with choline only hyperpolarized
tance was present in that a secondary, slow depolarizé?D,, by about 14 mV data not showh Thus the model
tion was observed (Fig.A. This slow depolarization predicts that a large fall in [N, has only a relatively
can be explained by the fact that in the absence of amall hyperpolarizing effect on Rp Such a small hy-
basolateral Naconductance, PRwill be mainly deter-  perpolarization would be difficult to detect experimen-
mined by the K gradient across the basolateral mem-tally if, as seems likely, removal of extracellular Naiso
brane. Therefore, when either Tk, or wyy, is changed acidifies the cell (via inhibition of the N@H* exchang-
under these conditions, BPwill stay approximately ers) and inhibits the basolateral €onductance [23].
constant. In contrast, when a Neonductance is present A number of transport pathways have been de-
on the basolateral membrane, jP@ill be determined by  scribed in the duct cell which could produce the baso-
both the K and N4 gradients. A rapid depolarization of lateral N& conductance predicted by the computer
PD,,;, caused by a change in [K]or wyy,, will activate  model. Gray et al. [8] reported the presence of nonse
the Na/K™ pump (it is voltage-dependent), decreasinglective cation channels on rat pancreatic duct
[Na'], and thus increasing the Naradient across the cells. However, these channels were observed in only
basolateral membrane. The increased” Nmadient out of 1027 cell-attached patches on unstimulated duc
drives N4 influx which generates the slower depolariza- cells indicating that their activity is very low [8]. A sec-
tions seen in Fig. A. ond possibility is that the Naconductance is linked to
The relationship between the basolateral potentiatCa* movements. Based on the finding that extracellular
difference (PR) and the basolateral Neconductance C&* removal causes a rapid fall in intracellular Ta
(Wnagoiy), Under control conditions, in the presence of 20concentration, Stuenkel & Hootman [37] and Ashton et
mm extracelllar K, and with a reduced basolateral K al. [4] concluded that pancreatic duct cells have a rela:
conductance is shown in FigB5 As expected, it can be tively large resting C& permeability. Although they
seen from the control plot (open circles) thatvag,,,  have yet to be identified on the duct cell, the combination
alone is increased Rpdepolarizes. Moreover, increas- of a C&* channel and an electrogenic Maa&* anti-
ing Wyap also affects the additional depolarization porter could, in theory, depolarize the basolateral mem:
caused by elevating [K,, (filled squares), and decreas- brane. At steady state, €ainflux via the channels
ing Wy, (filled circles). Note that the depolarizing ef- should be balanced by €aefflux on the antiporter.
fect of a reducedv,, is enhanced as the N@onduc-  Thus the charge movement carried by*Niaflux on the
tance increases (difference between the open and closedectrogenic antiporter could generate the basolater:
circle plots in Fig. B), but the reverse is true for the Na® conductance predicted by our computer model.
depolarization induced by high extracellular JK(dif- However, it should be noted that the influx of Naould
ference between the open circle and close square plots Iead to the electrogenic extrusion of Néhrough the
Fig. 8B). These effects can be clearly seen in the simuNa"™-K* pump and to the release of khrough potassium
lation shown in Fig. B. That the depolarization caused channels, both of which would tend to nullify the steady-
by a reducedv,,, is enhanced as the Naonductance state depolarization. Finally, a KgHCO3), cotrans-
increases is best explained by assuming thaj ®ill not porter has recently been identified on the basolatera
be effectively clamped at the *Kequilibrium potential membrane of rat [47], pig [42], and guinea-pig duct cells
under these conditions. In contrast, the reduced effect dfL7]. The stoichiometry of this transporter has not been
high [K*],; on PO, in the presence of a N&onductance established; however, unlike the NEHCO3), symport
is probably explained by a fall in the electrochemical described in the kidney [27], it would have to carry a net
gradient driving Na entry under these conditions. For positive charge to depolarize the duct cell.
microperfused ducts, Novak & Greger [23] reported that
PD,, in control cells, with [K],, = 20 mv and with 5
mwm basolateral B& were —63, —41 and =32 mV respec- EFFeCTS OFEXTRACELLUL+AR +Na+ CONCENTRATION AND
tively. From Fig. 5 it can be seen that the valuewf,,, ~ PERMEABILITY OF THE Na'/H" ANTIPORTER ON
which could best explain these experimental data igNTRACELLULAR PH
about 8.0 x 10*? cm/sec, and so this level of Na@on-
ductance was included in the model for all other simu-The basolateral membrane of rat and guinea-pig pancre
lations. atic duct cells contains a N&1™ antiporter [23, 38] (Fig.
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[146Na] 0.1Na 146Na | 0Na ] 146Na
| 1/20GNasH l
7.6
7.4
., 1.2
%_ 7.0 Fig. 6. Computer simulation of an isolated pancre-
6.8 atic duct cell bathed in HCECO,-free, HEPES-
6.6 buffered, solution. The effect of reducing the extra-
6.4 cellular N& concentration ([N&,), and the activity
of the Na/H* exchanger (G, on intracellular
pH (pH,). Na" was replaced by an impermeant cat-
320sec ion.

1). Figure 6 shows how changes in extracellular” Na EFFecTs oFLUMINAL CI~ CONDUCTANCE ON
concentration ([N§,), and in the permeability coeffi- HCO; SEcRETION

cient of the N&/H™ antiporter (G,,,), affect intracellu-
lar pH (pH) in our computer model. This simulation
was performed using the single-cell version of the mode
bathed with a HCQ@CO,-free, HEPES-buffered solu-
tion. Decreasing [Ng,, from 146 to 0.1 nu acidified the
cell from pH 7.40 to pH 6.53, and this effect was fully
reversed on replacement of extracellular'N&ig. 6).

IPatch—clamp studies have shown that the luminal ClI
conductance of pancreatic duct cells is mediated by cys
tic fibrosis transmembrane conductance regulator (CFTR
CI™ channels [9, 11, 24], and €aactivated CI channels

. 10 11 [12, 45]. These Clchannels are key regulatory points in
A decrease in G, from5x 107’10 2.5 x 10 cm/sec the HCQ; secretory mechanism because they allow re-

did not change the value of ptat the acidified plateau, ; : _
but did block the recovery from acidification following cg]clmg of CI" through the apical CIHCO; exchanger

re-introduction of [N4], (Fig. 6). The time course of
these changes of pHN our computer model are very

similar to experimental data reported by St_uer_1ke| et alinembrane via the CIHCO; antiporter (o), intra-
[38] for the effects of [N&], removal and amiloride (re- cellular CI concentration ([Cl].), intracellular pH
duced Gy 0N duct cell pH. (pH,), the voltage-divider ratio (VDR) and the basolat-

eral potential difference (R). For this simulation the
EFFECTS OFEXTRACELLULAR Cl- CONCENTRATION AND luminal and basolateral _membranes_ were _bathed in th
PERMEABILITY OF THE Cl-/HCO= ANTIPORTER ON HCO;/CO,-buffered solution. Increasingc,, increased

3 Jucosqy decreased [C],, acidified the cell, decreased

INTRACELLULAR PH the VDR and depolarized Rp A 20-fold increase in

Wcyy, @s occurs following maximal stimulation of the
The apical membrane of the duct cell contains an elecduct cell [11, 25] increased,coz, from 19.4 to 37.4
troneutral CI/HCO; antiporter [24] together with CI  nmol/min/cnf (seeTable 7). This 1.9-fold increase in
channels [9, 11, 24, 38] (Fig. 1). Figure 7 shows howJ, o3, is consistent with experimental results obtained
changes in extracellular Ckoncentration ([Cl),), and  from isolated rat pancreatic ducts using micropuncture
in the permeability of the GHCO; antiporter (G,  techniques which show that maximal doses of either se
Hco3) affect pH, in our computer model. This simulation cretin or acetylcholine approximately double the basal
was performed using the single-cell version of the moderate of fluid secretion [4]. These computed data confirm
bathed with HC@Q/CO,-buffered solution. Decreasing that the luminal Cl-conductance is one of the regulatory
[CI7], from 150 to 0.1 nm caused a rapid alkalinization points for HCGQ-secretion in pancreatic duct cells.
of pH, from pH 7.20 to pH 7.95, an effect that was fully Figure 8 summarizes the relationship between
reversed when extracellular [Q), was replaced (Fig. 7). wgy and Jicozqy @and betweenvg,,, and the intracellu-
Decreasing Gyucosz from 1.5 x 10% to 7.5 x 10*°  lar CI" concentration ([Cl].). Note that aswgyqy in-
cm/sec did not change pHt the plateau of the alkalin- creases there are reciprocal changes in]Chnd
ization, but did slow the recovery in pHollowing the  J,co3qy With Jycosqy increasing and [Cl, decreasing.
return of [CI'],, (Fig. 7). The time course of the changes These data confirm that in the unstimulated duct cell
in pH, produced by the model are very similar to the (Whenwc,,/Wcgy contror = 1), intracellular CT concen-
experimental data reported by Stuenkel et al. [38] for thetration is quite high—somewhere between 40 and 7C
effects of [CI], removal and DIDS on pHin isolated mm depending on the basolateral iKonductance (Fig.
guinea-pig ducts. 8B).

Figure 8 shows the effect of altering luminal Tl
permeability (vcy), on HCG; flux across the luminal
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[ 150C ] 0.1CI [ 150CI
| 1/20Ccy/ncos |
8.0
7.8
r 7.6
Q
7.4 Fig. 7. Computer simulation of an isolated pancre-
7.2 atic duct cell bathed in a HCICO,-buffered solu-
7.0 tion. Effect of reducing the extracellular Gtoncen-
tration ([CI],), and the activity of the CIHCO;
exchanger on intracellular pH (pH CI~ was re-
320sec  placed by an impermeant anion.
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Fig. 8. Computer simulation of an intact pancreatic duct bathed with symmetricabHEtD-buffered solutions.A) Effect of increasing the apical
CI” conductance V{cy,), and the basolateral "'Kconductance W) on HCG; secretion (Jcosay, intracellular CT concentration ([CT],),
intracellular pH (pH), the voltage divider ratio (VDR), and the basolateral membrane potentig})(RB) Summary of the effects ofic,g, on
Jncosa and [CI.. Solid symbols, Jcogq, Open symbols, [Cl.. Circles,Wi,, = 1.1x 10*%m/sec (x1). Squaresiq,, = 3.3x 107'°cm/sec
(x3).

EFFeCTs OFBASOLATERAL K* CONDUCTANCE ON and HCQ secretion at the apical membrane of the duct
HCO; SECRETION cell. Clearly, the dominant conductance change follow-
ing stimulation is an increase in the apical €bnduc-
The next question we addressed was the relationship béance because the cells depolarize [24]. However, thi
tween the magnitude of the basolaterdl ¢onductance does not rule out the possibility that some increase ir
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Fig. 9. Computer simulation of an intact pancreatic duct bathed in EICO,-buffered solutions.A andB) Effect of increasing the luminal HCD
concentration ([HCG),) on bicarbonate secretion {3y, intracellular CTI' concentration ([C1]), intracellular HC@ concentration ([HCE)),
intracellular pH (pH), and the basolateral membrane potential (RA) Data from an unstimulated duetc;, = 8 x 10 ** cm/sec. B) Data from
a stimulated ductwc;, = 1.6 x 10°° cm/sec.

basolateral K conductance also occurs. In fact, CAMP- is based has come from studies on the rat. In this specie
activated, maxi-K, channels have been identified on the there is a relatively high rate of secretion from the un-
basolateral membrane of rat duct cells [10]. Figufe 8 stimulated gland and this basal juice has a HQ@0On-
shows that a 3-fold increase v, hyperpolarized centration of about 25 m Following maximal stimula-
PDy, from about =53 to —62 mV, and increasegkdsg,  tion with secretin there is an increase in juice flow rate
by approximately 10%. Thus the computer model pre-and the HCQ concentration rises to about 7Qvn{i30].
dicts that relatively small changes im,, can affect The situation is somewhat different in humans, cats, dog:
HCO; secretion and, therefore, that the basolaterl K and guinea pigs. In these species there is little or nc
conductance should be considered as a potential regulaecretion from the unstimulated gland; however, follow-

tory site in the HCQ secretory mechanism. ing exposure to secretin the volume of juice increase:
and the HCQ concentration rises from about 50vnat

EFFecTs oFLUMINAL HCO; CONCENTRATION ON low flow rates up to 145 m at the maximum flow rate

HCO; SECRETION [5]. This flow rate dependency of the HG@oncentra-

tion in pancreatic juice results from a secondary, passive
One key question is whether the computer model car@nion exchange process (exchanging luminal B
secrete HCQ at the concentrations found in pancreatic blood CrI') that exists within the ductal system [3, 5]. It
juice under physiological conditions. As mentioned is generally assumed that the maximal HO&@ncentra-
above most of the experimental data on which the modelion in pancreatic juice (i.e., the concentration observec
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Fig. 10. Computer simulation of an intact pancreatic duct bathed in EHCO,-buffered solutions. Relationship between luminal HG®ncen-
tration ([HCG;]) and: @) bicarbonate secretion {Jdos(y, (B) intracellular CT' concentration ([CI].), (C) intracellular pH (pH), (D) intracellular
HCO; concentration ([HCQ ), and €) basolateral membrane potential (YPOpen symbols, unstimulated dusk;y = 8 % 10 **cm/sec. Closed
symbols, stimulated ductyg,;, = 1.6 x 107° cm/sec. Data were recorded 500 sec after a step change ingHCO

at the maximum flow rate when there is least time avail-by increasing the HCD concentration in the luminal
able for anion exchange) represents the composition cdompartment ([HC@)],) and observing the effect on
the primary fluid secreted by the duct cell. We investi- J,co31y, @and on a number of other cellular parameters.
gated the model’s ability to secrete bicarbonate simply  Figure A andB show the effect of luminal HCD
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concentration ([HCQ);) on Jycozqy [ClI7]c and pH in model makes a number of predictions that could be
unstimulated (Fig. 8) and stimulated cells (Fig.B. tested experimentally, e.g., (i) there is likely to be a'Na
Duct stimulation was mimicked by increasing the” Cl conductance pathway on the basolateral membrane of tr
conductance of the apical membrane by 20-fold. Ini-duct cell, (ii) the resting [C]|. of the duct cell is quite
tially, the standard HCQCO,-buffered solution high (65.3 i in a HCG;/CO, solution), and falls
([HCO3] = 25 mv) was present on both the basolateral sharply when the cells are stimulated, and (iii) intracel-
and the luminal sides of the epithelium. The luminallular pH falls when the cells are stimulated to secrete
HCQO; concentration ([HCQ),), was then increased in 25 HCQO; ions. Finally, the computer simulation suggests
mm steps to 145 m by replacing CI with HCO;. As-  that while the basic duct cell model as shown in Fig. 1
suming pCQ remained constant at 40 mm Hg, this ma- could produce pancreatic juice with a Hg@oncentra-
neuver will alkalinize pkifrom 7.4 to 8.2. As can be seen tion of about 75 nu as found in the rat, it cannot support
from Fig. QA andB sequentially increasing [HC) from  secretion of HCQ at the much higher concentrations (up
25 to 145 nwm, without any other changes in the model to 145 mv) found in the pancreatic juice of cats, guinea
parameters, markedly reduceghds ). At the same time  pigs, dogs and man. To secrete almost isotonic NafiCO
there was a marked fall in [, a marked rise in pHl  while at the same time maintaining reasonable values fo
and [HCQ]., and a hyperpolarization of Rp the intracellular ion concentrations and pthe model
Figure 10 is a detailed quantitative comparison ofwill have to be modified.
the data shown in Fig.®andB. Figure 13\ shows that Finally, in this paper we have focused our attention
in both stimulated and unstimulated ductseds( falls ~ on the original HCQ secretory model as proposed by
as the HCQ concentration in the lumen increases. NoteGray et al. [9] and Novak and Greger [24]. However, it
also that the increase inydosgy that occurs following is worth noting that since this model was proposed &
stimulation (the difference between unstimulated andhumber of other transport elements have been identifie
stimulated plots in Fig. 1) also decreases as the lumi- in the duct cell, including an HATPase [28], and a
nal HCG; rises. From Fig. 18-E it is clear that the Na(HCG;), cotransporter [17, 42, 47]. We anticipate that
model cell shown in Fig. 1 will secrete HG@t around  future versions of our computer model will incorporate
the maximum concentration found in rat pancreatic juicethese additional transport elements.
(75 mm). At this luminal HCG, concentration there is a
doubling of icos() from 8.7 to 17.6 nmol/min/cfafol- Funded by the Cystic Fibrosis Trust and the Medical Research Counci
lowing a 20-fold increase imvg, (Fig. 104), which is (UK.
consistent with experimental data obtained from isolated
pancreatic ducts [4]. Moreover, the intracellular and
electrical parameters are within the ranges expected fdreferences
mammalian cells—pHfalls from (7.55 to 7.27); [Cl],
falls from (21.7 to 9.8 m); [HCO3],. falls from (35.1 to
18.3 mv); and P, depolarizes from —67.8 to —61.9 mV.
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