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We have been studying CFTR channels in guinea pig pan-
creatic duct cells and rather surprisingly found that luminal
HCO;™ had a pronounced inhibitory effect on cAMP-activated
CFTR chloride currents. The block produced by HCO;™ was
rapid, voltage-independent and occurred over a physiological
range of extracellular HCO;™ concentrations. I and CIO,
were also found to inhibit CFTR currents, but both were less
effective than HCOs'. Although we have not identified how
HCO; is able to block CFTR our data suggests that an
external anion-binding site on the channel itself is involved.
Overall, our results show that luminal HCO;™ acts as a potent
inhibitor of CFTR channels (and by inference CFTR-mediated
secretion), under normal physiological conditions. These data
have implications not only for current models of pancreatic
duct cell HCO4™ transport, but also for other bicarbonate-
secreting tissues, such as the liver, Gl tract and lungs.

Introduction

It is well established that CFTR transports chlotide
ions in a variety of epithelial tissues. Disruption of not-
mal CFTR-mediated Cl transport is associated with a
number of diseases such as cystic fibrosis (CF), certain
types of sectetory diarthoea, and possibly polycystic kid-
ney disease. CFTR is also involved in the transport of
other physiologically impottant anions such as HCO;
(1), glutathione (2) and larger organic anions (3). In the
case of HCO; many epithelial tissues secrete this anion
by a mechanism which is dependent on functional CFTR
channels. This has been observed in the airways (4),
including the submucosal glands (5); the GI tract (6);
the liver and gallbladder (7, 8) and the pancreas (9), the
archetypal bicarbonate-transporting gland. While there is
now strong evidence that CFIR is essential for effective
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HCO; sectetion the exact role it plays is still uncertain.
Given the importance of CFTR in HCO; transport by
so many otgan systems, it is pethaps surprising that
relatively little is known about the interactions of HCO5
ions with CFTR

Role of CFTR in pancreatic ductal HCOs transport

We proposed back in 1988 that HCO; secretion
across the apical membrane of pancreatic duct cells
(PDC’s) occurs by parallel operation of CFIR I
channels and Cl'/HCO; exchangers (10). This CFTR—
anion exchanger model has been largely derived from
studies on rat PDC’s (11) which sectete a relatively low
concentration of HCOs (~70 mM). Our computer mod-
eling studies indicate that parallel operation of CFITR
channels and Cl' /HCO; exchangers cannot suppott the
sectetion of a pancreatic juice containing near isotonic
NaHCO;, as occurs in most other species (12). Sectetoty
studies on isolated guinea-pig ducts have also shown that
HCO;  sectetion can occut in the virtual absence of
extracellular CI' which would not be predicted for the
CFTR~anion exchanger model (13, 14). The implication
of these findings is that species such as cat, dog, pig,
guinea-pig and human, all of which secrete a pancreatic
juice with a high HCO; content (~150 mM), employ
a different sectetory mechanism to that originally sug-
gested for the rat.

Activation of CFTR currents in pancreatic duct cells

In an attempt to resolve this issue we have studied
CFTR channels in guinea pig PDC’s (17). Exposing these
cells to a maximal dose of either secretin ot to a mixtute
of forskolin/dibutyryl cAMP, stimulates Cl selective
cutrents in ~75% of cells tested. Howevet, in contrast
to rat and mouse PDC’s (15, 16), two kinetically distinct
cutrents ate activated (Fig. 1). In over 70% of responding
cells the currents are time- and voltage-independent and
thus have classical CFIR properties. Whole-cell currents
increase from basal values of 5-10 pA/pF to ~75 pA/pF
at 60 mV. In the remaining cells distinct outwardly rec-
tifying, time- and voltage-dependent currents are acti-
vated (Cly ap). These display marked tail-currents and
have vety large current densities (~1,000 pA/pE).
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Fig. 1. Two types of whole-cell CI” currents activated by cAMP from guinea-pig pancreatic duct cells. Whole cell currents were
recorded under control conditions or after exposure to stimulants (5 ¢M forskolin and 100 uM dibutyryl cAMP). Note the different
vertical scales for CFTR and Cly.aep Currents and the time- and voltage-dependent kinetics of the Cly.aes. Whole cell currents were
obtained by holding Vim at 0 mV and clamping to £100 mV in 20 mV steps. The pipette solution contained (mM): 110 CsCl,
2 MgCl,, 5 EGTA, 10 HEPES, 1 Na,ATP, pH 7.2 with CsOH. The bath solution contained (mM): 145 NaCl, 4.5 KCI, 2 CaCl,,

1 MgCl,, 10 HEPES, 5 Glucose, pH 7.4.
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Fig. 2. Conversion of CFTR currents into Cly.qep during exposure to secretin. Same conditions as in Fig. 1, except a single cell

was exposed to increasing concentrations of secretin.

Although the two currents look vety different, we
believe that CFTR Cl changels underlie both conduc-
tances. Both currents have identical anion permeability
sequences (Br >I =Cl >HCO; >ClOy >Aspartate), ate
not blocked by DIDS (0.5 mM), but are inhibited (~60
%) by glibenclamide (0.1 mM). In addition, some cells
exhibit typical CFTR currents at low doses of stimulants,
but Clev-dep currents at higher doses (Fig. 2). We

believe that a minority of cells express CFIR at very high
levels and it is this high density of channels in the apical
membrane that causes the time- and voltage-dependent
kinetics. Note that the kinetics of the Clev-dep currents
are most matked on the inward currents (Fig. 1&2), and
this is consistent with Cl ion depletion at the internal
face of the CFTR channels caused by the large inward
cutrent flow (see 17 for further discussion). Other than
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the occasional presence of these large CFTR curtents, we
have not found any major differences between guinea pig
PDC’s compated to rat or mouse PDC’s. Whether the
large CFIR Cl cutrents can explain the species-depen-
dent differences in bicarbonate transport is unclear at the
moment.

Effect of HCOs™ ions on CFTR currents

During the anion-substitution expetiments, we ob-
setved a novel effect of HCO; on the cAMP-activated
cutrents (17). Fig. 3 shows that extracellular HCOs (150
mM Cl replaced by HCO; ) causes a marked inhibition
of the CFTR curtents (identical results wete obtained for
Cliv-dep). This effect of HCO;5™ is rapid, dose-dependent
ovet the physiological range of extracellular HCO; ™ con-
centrations (Fig. 3D), and is fully reversible. Note that
extracellular HCO; inhibits both the inward curtent
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(anion efflux) and outward current (anion influx) through
CFTR (Fig. 3A, B&C). The reduced inward current indi-
cates that external HCO; is causing ‘trans’ inhibition
of Cl" efflux. Our experiments suggest that a single
binding site is involved in HCO; inhibition (Fig. 1D).
Since inhibition was only weakly voltage-dependent (Fig.
3B&C), this site is unlikely to expetience the voltage
drop actoss the channel.

We investigated which component of the HCO; con-
taining solutions, pH, HCO; ot pCO,, was responsible
for the observed cutrent inhibition. By vatying intra and
extracellular pH over a wide range, and changing pCO,,
at a constant HCQO; , we conclude that it is the HCO;
ion itself that inhibits CFTR. Although our expetiments
have not identified how HCQ; is able to block CFTR
we suggest that an external anion-binding site is in-
volved. In this regard our data show that HCO; is not
unique in being able to inhibit CI' movement through
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Fig. 3. Inhibition of cAMP-activated currents by bath HCO;™. (A) Continuous whole cell recording showing the effect of bath
application of 150 mM HCO;™ (pH, ~8.0: 5.5 mM CI” remaining) on CFTR currents previously activated by cAMP stimulants. Currents
were obtained by holding Vi, at 0 mV and clamping to £60 mV. (B) I/V plots for the data in A using the to =100 mV protocol.
Stimulated currents were inhibited by ~80%. (C) Summary of the effect of 150 mM external HCO;™ on the size of CFTR currents.
(D) Effect of a range of HCOs™ concentrations on current inhibition. Data were fitted to a Michaelis-Menten equation with the

parameters indicated on the figure.
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CFTR, since both extracellular I and ClOs ions also
cause a significant reduction in inward cutrent, but with
less affinity than HCO; .

Physiological implications of HCOs™ inhibition of CFTR

At first sight an inhibitoty effect of extracellular
HCO; on CFIR appears paradoxical in that it would
inhibit HCO; secretion. At the maximum concentration
of HCO; found in guinea-pig pancreatic juice (~150
mM) the CFTR conductance would be 80% blocked (Fig.
3). However, it is notable that in guinea-pig ducts basal
HCO; sectetion is Cl' dependent and blocked by DIDS,
suggesting that it occurs via Cl /HCO; exchange (13,
14). In contrast, cAMP-stimulated HCOj; secretion is
unaffected by removal of extracellular CI' and must
therefore involve some other pathway (13, 14). That
pathway is likely to be CFTR. Inhibiting the CFTR con-
ductance via a negative feedback mechanism from the
lumen may be advantageous in that it would limit apical
membrane depolarization and maintain the electrical
dtiving force for HCOj; secretion via the uninhibited
fraction of CFIR. Since many other organ systems (liver,
GI tract and lungs) also secrete HCO; to some extent,
this leaves open the possibility that HCO;  concentration
at the luminal sutface of epithelial cells plays a general
role in the regulation of CFTR.
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