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Abstract

AIM: To characterize H" and HCOs™ transporters in
polarized CFPAC-1 human pancreatic duct cells, which
were derived from a cystic fibrosis patient with the
AF508 CFTR mutation.

METHODS: CFPAC-1 cells were seeded at high density
onto permeable supports and grown to confluence. The
cells were loaded with the pH-sensitive fluorescent dye
BCECF, and mounted into a perfusion chamber, which
allowed the simultaneous perfusion of the basolateral
and apical membranes. Transmembrane base flux was
calculated from the changes in intracellular pH and the
buffering capacity of the cells.

RESULTS: Our results showed differential permeability
to HCOs/CO: at the apical and basolateral membranes
of CFPAC-1 cells. Na*/HCOs™ co-transporters (NBCs)
and CI'/HCOs™ exchangers (AEs) were present on
the basolateral membrane, and Na*/H* exchangers
(NHEs) on both the apical and basolateral membranes
of the cells. Basolateral HCOs™ uptake was sensitive
to variations of extracellular K* concentration, the
membrane permeable carbonic anhydrase (CA) inhibitors
acetazolamide (100 pmol/L) and ethoxyzolamide (100
umol/L), and was partially inhibited by H2-DIDS (600
pmol/L). The membrane-impermeable CA inhibitor
1-N-(4-sulfamoylphenylethyl)-2,4,6-trimethylpyridine
perchlorate did not have any effect on HCOs™ uptake.

The basolateral AE had a much higher activity than
that in the apical membrane, whereas there was no
such difference with the NHE under resting conditions.
Also, 10 pumol/L forskolin did not significantly influence
CI’/HCOs3" exchange on the apical and basolateral
membranes. The administration of 250 pumol/L H2-DIDS
significantly inhibited the basolateral AE. Amiloride (300
pmol/L) completely inhibited NHEs on both membranes
of the cells. RT-PCR revealed the expression of pNBC1,
AE2, and NHE1 mRNA.

CONCLUSION: These data suggest that apart from the
lack of CFTR and apical CI'/HCOs exchanger activity,
CFPAC-1 cells express similar H and HCOs" transporters
to those observed in native animal tissue.
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INTRODUCTION

There are two HCOs' transport processes in the pancreatic
ductal epithelium. The first is the secretion, mainly by the
smaller ducts, of HCOs3' rich isotonic fluid that serves
to flush digestive enzymes down the ductal tree and to
neutralize gastric acid entering the duodenum"?. The
second HCOs' transport process is the flow-dependent
exchange of luminal HCOs' for blood CI that is generally
considered to occur in the larger ducts, including the
main duct'™”. The physiological function of ductal
HCOs absorption (or salvage) may be protective as it will
lower luminal HCOs™ (and therefore luminal pH) during
interdigestive periods when the flow is low or absent. A
fall in luminal pH would reduce the activity of digestive
enzymes within the static column of fluid in the ductal
tree, thereby preventing damage to the ductal epithelium.
The initial step of HCOs' secretion is the accumulation
of HCOs within the duct cell™. This can occur by two
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mechanisms: (1) the forward transport of HCOs by the
Na'/HCO5 co-transporter (NBC); and (2) diffusion of
CO:z into the duct cell which is then hydrated to carbonic
acid by carbonic anhydrase (CA), followed by the backward
transport of protons via the Na'/H" exchangers and H'-
pumps. The HCOs ions are then secreted across the apical
membrane via CI' /HCOs  exchangers (SLC26A3, DRA and
SLC26AG6, PATl)m and/or cystic fibrosis transmembrane
conductance regulator (CFTR) CI' channels, which exhibit
a finite permeability to HCO3'™. The exact mechanism
how the SLC26 exchangers and apical Cl channels produce
a high HCOs secretion is controversial . Nevertheless,
the key role of CFTR in HCOs secretion is emphasized
by the fact that the severity of the pancreatic phenotype
in cystic fibrosis correlates best with the ability of mutant
CFTRs to activate SLC26 exchangers, rather than their
ability to conduct CI ions!”.

Rather less is known about the secondaty, flow- and
Cl'-dependent absorption of HCOs' that occurs in the
larger ducts. A luminal Na'/H" exchanger (NHE3) and
an electroneutral NBC (SLC4A7, NBCnl, NBC3) have
been identified in the main duct of the mouse pancreas
and probably explain HCOs™ absorption across the apical
membrane™”. There is a clear evidence that activity of
these luminal HCOs' salvage transporters is downregulated
following stimulation of HCOs3' secretion by a rise in
intracellular cyclic AMP", How the absorbed HCO3 exits
the duct cell at the basolateral membrane is uncertain, but a
candidate pathway is the basolateral CI /HCOs exchanger
(possibly AE2)"), The AE2 must be switched off during
stimulation as the prevailing ion gradients would favor CI
uptake and HCOs' efflux across the basolateral membrane.

Our current understanding of pancreatic ductal HCOs'
secretion/salvage is mainly based on the experiments
performed in animal tissues'"’. Studies in human tissue have
been largely confined to adenocarcinoma duct cell lines;
however, with the exception of CAPAN-1, human duct
cell lines do not express CFTR to any significant degree''".
An alternative approach is to use CFPAC-1 cells, which
were derived from a 26-year-old cystic fibrosis (CF) patient
with the AF508 mutation””. The utility of CFPAC-1 cells
is that they allow us to examine HCOs transport not only
in the diseased state, but also in the corrected state by
transfecting the cells with wild-type CFTR. A number of
previous studies have shown that wild-type CFPAC-1 cells
express some of the key transporters involved in HCOs
secretion; e.g. the basolateral NBC"Y, anion exchanger-2
and the apical ClI/HCOs exchangers DRA and PAT-1"",
Moteovet, the expression of apical CI'/HCOs exchangers
was significantly increased in CFPAC-1 cells expressing
functional CFTR, as was the stimulatory effect of ATP
on luminal CI'/HCO5 exchange'”. CFPAC-1 cells
can also be reconstituted as polarized monolayers on
permeable supports and the effects of various agents,
such as angiotensin 11> and PKC"", have been studied
using the short circuit current technique. Finally, in one
study a stimulatory effect of ATP on HCOs sectetion
from CFPAC cells was demonstrated by measuring the
extracellular pH at the apical cell surface!”

A number of issues regarding the mechanism of
pancreatic ductal HCOs' secretion remain controversial.
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For instance, how much of the secreted HCOs enters
the lumen via CFTR and how much via SL.LC26 anion
exchangers? How is coordinate regulation of apical and
basolateral acid base transporters achieved during secretion
and salvage? How do luminal signals regulate apical HCOs
and H" transporters? What is the molecular explanation
for the strong outwatd rectification of HCOs permeability
exhibited by the apical membrane of the duct cell? A
human pancreatic duct cell line, which reconstituted as a
polatized monolayer allowing easy access to the luminal
membrane, would be a very useful resource for answering
these questions. An added bonus would be a model system
that facilitates investigation of how CFTR expression
affects duct cell transporters. Therefore, in this study, we
aimed to establish whether polarized CFPAC-1 cells grown
on permeable supports could fulfill these requirements.
To do this, we investigated the HCOs permeability
characteristics of the basolateral and apical membranes of
CFPAC-1 cells, and the spatial distribution of acid/base

transporters.

MATERIALS AND METHODS

Materials and solutions

All laboratory chemicals were purchased from Sigma
(Poole, Dorset, UK). 2°,7’-Bis-(2-carboxyethyl)-5(6)-
carboxyfluorescein-acetoxymethyl ester (BCECF-AM)
and dihydro-4,4’-diisothiocyanostilbene-2,2’-disulfonic
acid (H2-DIDS) were from Molecular Probes Inc.
(Eugene, OR, USA); 1-N-(4-sulfamoylphenylethyl)-2,4,6-
trimethylpyridine perchlorate (STP) was kindly provided
by Prof. C Supuran. Stock solutions of BCECF (2 mmol/
L), acetazolamide (0.4 mol/L), ethoxyzolamide (0.4 mol/
L), amiloride (0.8 mol/L) and STP (10 mmol/L) were
prepared in dimethyl sulfoxide (DMSO). Nigericin (10
mmol/L) and forskolin (50 mmol/L) were dissolved in
ethanol and stored at -20 ‘C. Polyester Transwells were
supplied by Corning-Costar (Buckinghamshire, UK).
The standard HEPES-buffered solution contained 130
mmol/L NaCl, 5 mmol/L KCI, 1 mmol/L MgClz, 1
mmol/L CaClz, 10 mmol/L Na-HEPES, and 10 mmol/L
D-glucose (pH 7.4 with HCl). In the Na'-free HEPES
solution, NaCl was replaced by 140 mmol/L N-methyl-D-
glucamine (NMDG)-Cl and the Na-HEPES was replaced
by equimolar HEPES-acid. The Cl-free HEPES solution
contained 140 mmol/L Na-gluconate, 2.5 mmol/L KzSOs,
6 mmol/L Ca-gluconate, 1 mmol/L Mg-gluconate, 10
mmol/L HEPES-acid, 10 mmol/L D-glucose (pH 7.4 with
NaOH). The Na'/Cl-free HEPES solution contained 130
mmol/L NMDG-gluconate, 2.5 mmol/L KzSOs, 1 mmol/
L MgSOs4, 1 mmol/L CaSOs, 10 mmol/L HEPES-acid, 10
mmol/L D-glucose (pH 7.4 with gluconate). The standard
HCOs solution contained 115 mmol/L NaCl, 5 mmol/L
KCl, 1 mmol/L MgClz, 1 mmol/L CaClz, 25 mmol/L
Na-HCOs, 10 mmol/L D-glucose. In the K'-free HCO5
solution, KCl was replaced with equimolar NaCl. The
high K" HCOs solution contained the same ingredients
as the standard HCOs' solution but the KCI and NaCl
concentrations were 115 and 5 mmol/L, respectively. The
Na'-free HCOs solution contained NMDG-Cl instead of
NaCl and choline HCOs in place of NaHCOs. Cl-free
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HCO:s' solution contained 115 mmol/L sodium gluconate,
2.5 mmol/L K804, 6 mmol/L Ca-gluconate, 1 mmol/
L Mg-gluconate, 25 mmol/L Na-HCOs, 10 mmol/L
D-glucose. The Na"/Cl-free HCOs solution contained
115 mmol/L NMDG-gluconate, 2.5 mmol/L K2SOs4, 1
mmol/L MgSOs, 1 mmol/L CaSOs, 25 mmol/L choline-
HCOs, 10 mmol/L D-glucose (pH 7.4 with gluconate).
10 umol/L atropine was added to the solutions containing
choline to prevent the possible activation of muscarinic
receptors. In solutions containing NH4', the concentration
of Na" or NMDG was replaced to maintain osmolarity.
All the solutions containing HCOs were continuously
equilibrated with 5% CO2-95% Oz to maintain pH at 7.4.

Culture of CFPAC-1 cells

CFPAC-1 cells (passage number 27-60) were obtained
from Prof. RA Frizzell (University of Pittsburgh,
Pittsburgh, PA, USA) and were grown in Iscove’s modified
Dulbecco’s medium supplemented with 100 mL/L fetal
calf serum, 2 mmol/L glutamine, 100 units/mL penicillin
and 0.1 mg/mL streptomycin and were cultured as
described previously“zl. The media was changed every 1-2 d.
Cells were maintained at 37 °C in a humidified atmosphere
containing 5% COz. Cell monolayers were prepared by
seeding at high density (300-350 cells/ crnz) onto polyester
permeable supports (12 mm diameter, 0.4 pm pore size
Transwells). Cell confluence was checked by microscopy
and determination of transepithelial electrical resistance
using an EVOM-G voltohmmeter (World Precision
Instruments, Sarasota, FL, USA). Experiments were
performed 4-6 d after seeding.

Measurement of intracellular pH

Intracellular pHi was estimated with the pH-sensitive dye
BCECF™. CFPAC-1 cells were loaded with 2 pmol/L
BCECF-AM in both the apical and basal chambers in
standard HEPES for 30-45 min at 37 °C. After loading,
the Transwells were transferred to a perfusion chamber
mounted on an inverted Nikon Diaphot microscope (Nikon
UK, Kingston upon Thames, UK). Apical and basal bath
volumes were 0.5 and 1 mL and the perfusion rates were
3 and 6 mL/min, respectively. All the experiments started
and ended with standard HEPES solution perfusing both
sides of the cells. Expetiments were performed at 37 C.
pHi was measured using a Life Sciences Microfluorimeter
System (Life Sciences Resources, Cambridge, UK). About
10-15 cells were alternately excited with wavelengths of
440 and 490 nm, and the 490/440 fluorescence emission
ratio was recorded at 535 nm over a sampling period of
256 ms. The resting pHi of CFPAC-1 cells in standard
HEPES solution was determined using the method
described by Hegyi ez al®". Calibration of 490/440 ratio
to pHi was obtained using the high—KV nigericin method.
Extracellular pH was stepped between 5.94 and 8.46.

Determination of buffering capacity

The intrinsic buffering capacity (i) of CFPAC-1 cells was
estimated according to the NH;4" prepulse techniquemj.
Briefly, the cells were exposed to varying concentrations of

NH:Cl (0-30 mmol/L) while Na" and HCO3 were omitted
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Figure 1 Buffering capacity of CFPAC-1 human pancreatic duct cells at different
pHi values. Polarized CFPAC-1 cells were exposed to varying concentrations of
NH:CI (0-30 mmol/L), while Na" and HCOs™ were omitted from the bath solution to
block the Na* and HCOs -dependent pH regulatory mechanisms. Bi was estimated
by the Henderson-Hasselbalch equation (n=50). The total buffering capacity (Brotal)
was calculated as Bow=pit+Brcos , where Breos” is the buffering capacity of the
HCOs7/CO2 system. Breos =2.3x[HCOs .. [HCOs]i is the intracellular concentration
of HCOs™.

from the bath solution to block the Na'- and HCOs -
dependent pH regulatory mechanisms. i was estimated
by the Henderson-Hasselbalch equation. The total
buffering capacity (Brou) was calculated as Brow=pi+Brcos,
where Brcos is the buffering capacity of the HCOs /CO:
system. Brcos =2.3X[HCOs]i. [HCOs]i is the intracellular
concentration of HCO:s'.

Overall ApH;, base flux

The overall ApHi was measured by determining the
pHi immediately before and at the peak level during the
administration of solutions containing HCO3/COz by
averaging the values of 80 data points. The initial rates of
ApHi (over 30 s) were used to calculate transmembrane
base flux J(B) using the equation J(B)=ApHi/A#*Bi. The Bi
value used in the calculation of J(B)s was obtained from
Figure 1 by using the average pHi value over a 30-s period
immediately before the administration of HCO3/CO:2
(virtually no HCOs' in the cells). Therefore, we were most
likely underestimating /(B) because of the increase in
buffering capacity as HCOs fluxes into the cell during the
administration of the basolateral HCOs /CO:2 solution.
The only time we used Brow to calculate [(B) was when we
administered basolateral standard HCOs3'/CO: solution
during perfusion with apical standard HCOs'/CO2. We
denote base influx as /(B) and base efflux as -J/(B).

RT-PCR

Total RNA was extracted from CFPAC-1 cells grown
in tissue culture flasks using RNAzol solution (Gibco-
BRL) according to the manufacturer’s instructions.
For reverse transcriptase (RT)-PCR, 2 pg of RNA
was reverse transcribed with 50 ng of random
hexamer primers (GIBCO-BRL) in a final volume
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Figure 2 Functional polarities of CFPAC-1 cells. CFPAC-1 cells were grown to
confluence on permeable supports, loaded with the pH-sensitive fluorescent dye
BCECF-AM (2 pmol/L) and mounted into a perfusion chamber, which allowed the
simultaneous perfusion of different solutions to the basolateral and apical mem-
branes. The figure shows representative pHi traces demonstrating cell polarity. The
administration of standard HCOs/CO: solution to the apical and the basolateral
sides of the cells showed a marked difference in response (n=12-20).

of 20 pLusing 50 U of Moloney murine leukemia
virus RT (Fermentas) at 37 ‘C for 1 h, following the
manufacturer's instructions. The primers used for PCR
amplification were previously described®*), NHE1: 5°
-CCAGCTCATTGCCTTCTACC-3’ (sense) and 5’
-TGTGTCTGTTGTAGGACCGC-3’ (antisense)
(length of amplified region 245 residues); AE2: 5’
-GAAGATTCCTGAGAATGCCG-3’ (sense) and 5’
-GTCCATGTTGGCACTACTCG-3’ (antisense) (length
of amplified region 181 residues); pancreatic NBC1
(pNBC): 5~ ATGTGTGTGATGAAGAAGAAGTAGA
AG-3’ (sense) and 5-GACCGAAGGTTGGATTTCTT
G-3’ (antisense) (length of amplified region 621 residues);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5
-ATGGCACCGTCAAGGCTGAGA-3’ (sense) and 5-G
GCATGGACTGTGGTCATGAG-3’ (antisense) (length
of amplified region 371 residues). The PCR reaction
was started with a 3-min 94 °C step and was followed
by standard step-cycling conditions with 30 cycles of
amplification utilizing Tag DNA polymerase (Fermentas);
the reaction was ended by a 10-min 72°C step. The cycling
conditions for NHE1, AE2, and GAPDH were 94 °C for
30 s, 58 ‘C for 30 s and 72 ‘C for 30 s; and for pNBC1
were 94 °C for 30 s, 58 “C for 30 sand 68 C for 3 min.
RT-PCR products were separated by electrophoresis on a
20 g/L agarose gel containing ethidium bromide (0.5 ug/
mL) and were visualized under ultravioletlight.

Statistical analyses

In agreement with Zsembery ez al™™ we noticed a variation
in the rate and magnitude of HCOs uptake between the
different set of monolayers that we could not attribute
to the passage number or time after seeding. To avoid
errors arising from this fact, we (1) performed a particular
experimental protocol on the same day using one set of
cell cultures, (2) randomized the order in which monolayers
in the same group were exposed to experimental
maneuvers (l.e., exposure to inhibitors), and (3) always
included internal controls where possible. Summary
data in the figures are expressed as percent change from
control and statistical analyses were performed using
either Student’s paired or unpaired 7 test or the analysis of
variance as appropriate. P values <0.05 were considered
statistically significant.
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was 7.1120.08 (1= 6).

Apical administration of HCOs/CO:

After perfusing both the apical and basolateral sides of
the CFPAC-1 cells with standard HEPES solution, apical
perfusion was switched to the standard HCOs/CO:
solution (Figure 2). We then observed a rapid acidification
(-17.5% 1.5 mmol/L B/min, »=20) of pHi, most likely
caused by the diffusion of COgz into the cells. Following
this, the pHi reached a new approximate steady state
value (6.8210.02, »=20) and remained at this level until
the standard HEPES solution was restored to the apical
membrane. Restoration of standard HEPES solution
induced a rapid alkalinization of pHi towards the resting
pHivalue probably brought about by the diffusion of
CO:z from the cells. These observations suggested that
COz influx was very fast across the apical membrane of
CFPAC-1 cells, and that significant HCOs influx did not
occut.

Basolateral administration of HCO:/CO:

After perfusion of both the apical and basolateral
membranes of CFPAC-1 cells with standard HEPES
solution, the basolateral perfusion was switched to
standard HCO3/COz2 (Figure 2). Upon changing the
basolateral perfusate, there was a rapid alkalinization of
pHi (ApHi=0.48£0.03, J(B)=15.0+2.3 mmol/L B/min,
7=12), most likely induced by the transport of HCOs
into the cells. Removal of the standard HCO3/CO2
solution from the basolateral side induced a further small
transient increase in pHiconsistent with efflux of COz,
followed by a slow acidification towards the resting pHi
value brought about by the extrusion of HCOs (Figure 2).
These observations suggested that HCOs might cross the
basolateral membrane of CFPAC-1 cells much faster than
COa2. To rule out the possibility that basolateral HCO3
entry was at least partly due to COz influx, followed by its
rapid hydration to HCOs ions, we perfused the apical side
of CFPAC-1 cells with a standard HCO3'/CO: solution for
4 min (intracellular pCOz2 was increased) and then the same
solution was added to the basolateral side (Figure 2). Under
these conditions we still observed a rapid alkalinization of
pHi, (ApHi=0.40£0.05, J(B) =14.1£1.9 mmol/L B/min,
n=06) which was not significantly different compared to
the absence of apical HCOs/CO..

Taken together with the effects of apical HCOs'/
CO:2 administration, these data showed that CFPAC-1
monolayers exhibited functional polarity with respect
to HCOs transport. Subsequently, we used the apical
administration of HCOs /CO2 to check the functional
polarity of monolayers at the beginning of each
experiment. The cells were considered to be polarized, if
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Figure 3 Basolateral HCOs™ uptake — effects of CI” and/or Na* withdrawal.
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significantly decreased in Cl-free conditions compared to standard conditions
(J(B)=73.1+£7.2% and 100+8.5%, respectively, n=5); B: The administration of
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J(B) compared to standard conditions, suggesting that a large proportion of the
HCOs™ uptake was due to a Na'-sensitive process, most likely NBC; C: Interest-
ingly, the decrease in the rate of HCOs™ uptake was obviously ameliorated in the
absence of both Na” and CI” (n = 6) compared to the Na'-free condition.
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the pHi remained constant after the initial decrease in pHi
caused by the diffusion of CO:z into the cells.

Investigation of basolateral HCOs uptake
In theory, the alkalinization observed after the
administration of basolateral standard HCOs/COz2 could
be explained by the action of the NBC and the reversal
of CI'/HCOs anion exchanger. The initial rate of HCOs
uptake was significantly decreased in Cl-free us standard
conditions (J(B)=73.1£7.2% and 100t8.5%, respectively,
n=5, Figures 3A and 4); however, no significant difference
was noted for the overall ApHi for the two groups (85.5
+6.0% and 100%6.3%, respectively). The administration
of basolateral HCOs'/CO: greatly decreased ApHi (25.6
+5.1%) and J(B) (11.7£2.3%) in Na'-free conditions
(n=06) compared to those (100+£7.5% and, 100£10.7%,
respectively) in standard conditions, suggesting that a
large proportion of the HCOs uptake was due to a Na'-
sensitive process, most likely via an NBC (Figures 3B and 4).
Interestingly, the decrease in the rate of HCOs uptake was
somewhat attenuated in the absence of both Na" and CI
[#=0, J(B) changed to 38.4%6.9%, Figures 3C and 4].

To further confirm the presence of NBC on the
basolateral membrane of CFPAC-1 cells, we examined
the recovery from a Na'-free acid load in the presence
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Figure 7 Localization of CI/HCOs™ exchangers in CFPAC-1 cells. The figure
125 shows representative pHi traces (n=6). The localization of CI/HCOs™ exchangers
was performed by measuring the effect of changes in CI” gradient across the lumi-
100 nal or basolateral membranes on pH. In the presence of HCOs", the removal of CI”
2 T from the apical membrane did not result in changes of pHi. The removal of CI” from
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Figure 6 Basolateral HCOs™ uptake — changes in (A) ApHi (B) J(B) caused by
application of H2-DIDS, acetazolamide, ethoxyzolamide, STP and varying extracel-
lular K* concentration. Data are shown as mean +SE (n=6-11). SE of the control
groups (standard, black bar) is somewnhat different for each of the respective ion-
withdrawal groups. The SE depicted on the control bar was the maximum values
observed. °P<0.05 and "P<0.01 vs control group or °P<0.05 vs K'-free group. ATZ:
acetazolamide; ETZ: ethoxyzolamide; STP: 1-N-(4-sulfamoylphenylethyl)-2,4,6-
trimethylpyridine perchlorate. The SE depicted on the standard bars was the maxi-
mum values observed.

of HCOs /COz2 by adding basolateral Na' with/without
300 pmol/L amiloride (to block basolateral Na'/H"
exchange, #7=0). After acid loading of cells, the basolateral
addition of Na' stimulated a J(B) of 39.0%4.4 mmol/L
B/min (please see below the much lower values in HEPES
solution). In contrast, the basolateral addition of Na' in
the presence of amiloride decreased this value to 22.2%
3.6 mmol/L B/min, suggesting that a third pathway of
acid transport is due to a basolateral NHE. The anion
transport inhibitor H2-DIDS (600 umol/L, added to
the basolateral membrane of cells for 2 min before and
during the administration of basolateral HCO3 /COsz,
n=0), significantly decreased the extent of alkalinization
(ApHi) to 63.2+4.7% and rates of J(B) to 43.9+5.1%
(n=06, Figures 5A and 6). Varying the extracellular
K" concentrations (K'-free, high K', #=9-11) of the
basolateral standard HCO3 /CO: solution induced
significant differences between the ApHi values »s the
standard HCO3 /CO: solution (41.5+24.5%, 139.6+15.0%
and 100 + 11.1%, respectively; Figures 5B and 6). The J(B)
significantly decreased when K'-free HCO5/CO: (73.9
16.4%) was administered to the basolateral membrane,
but was not affected by high K', HCO3/CO2 (96.6+
11.0%) »s the standard HCOs/CO2 solution (100.0 £
15.8%). Thus, our experiments showed that alteration of
the membrane potential of CFPAC-1 cells, by varying
basolateral extracellular K* concentration, modified the
extent of HCOs' uptake. The application of the membrane
permeable CA inhibitors acetazolamide (100 pmol/L,
n=0, Figures 5C and 6) or ethoxyzolamide (100 pmol/L,
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min before and during the administration of basolateral
standard HCO3'/CO: solution, significantly decreased
the overall ApHi to 56.8424.2% or 59.0£9.8%, and J(B)
to 50.5+4.6% or 63.7£8.3%, respectively. The basolateral
addition of the membrane impermeable CA inhibitor STP
(10 umol/L, #=06) in standard HEPES solution (the apical
side of the cells was perfused with standard HCOs/CO:
solution), 5 min before and during the administration
of basolateral standard HCO3/CO:z2 solution, did not
significantly influence overall ApHi (114.3+14.3%) and
JB) (106.7£17.9%, Figure 06).

Localization of C[/HCOs exchangers in CFPAC-1 cells

The localization of CI'/HCOs exchangers was petformed
by measuring the effect of changes in Cl gradient across
the luminal and/or basolateral membranes on pHi. In the
presence of HCOs3, the removal of CI' from the apical
membrane did not result in changes of pHi. The removal
of CI from the basolateral membrane caused a ApHi of
0.08£0.01 and a J(B) of 4.4+0.5 mmol/L B/min (#=6,
Figure 7). Furthermore, the basolateral administration
of 250 umol/L Hz-DIDS (from 2 min before changing
the solution to Cl-free HCO3 /CO2) completely blocked
pHi changes caused by the withdrawal of Cl. However,
10 pumol/L forskolin, 100 umol/L acetazolamide or 100
umol/L ethoxyzolamide (from 10 min before changing
the solution to Cl-free HCOs/COz) did not significantly
influence CI'/HCOs exchange on the apical and basolateral
membranes (7= 6-8, data not shown).

Localization of Na'/H" exchangers in CFPAC-1 cells

In HEPES-buffered solutions, the removal of Na' from
the perfusing solutions had a small acidifying effect on pHi
[JB)=1.00£0.13 mmol/L B/min, »=12]. After exposure
and then removal of the NH4" in the absence of Na’ on
both sides of the duct cells, pHi reduced to 6.7310.03
(n=12), and stabilized at this level (Figure 8A). We could
not detect any active H' -pumps in CFPAC-1 cells, since
pHi did not increase in the absence of extracellular Na'.
Re-addition of Na' to the apical or the basolateral side
caused pHi recovery towards the resting values [J(B) =-0.6
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Figure 8 Localization of Na'/H" exchangers in CFPAC-1 cells. The figure shows
representative pHi traces. A: After exposure to NH4" in the absence of Na“ on both
sides of the duct cells, pHi reduced to 6.73+0.03 (n=12), and stabilized at this
level. We could not detect any active H'-pumps in CFPAC-1 cells, since pHi did
not increase in the absence of extracellular Na*. Upon addition of Na* to the api-
cal or the basolateral side prompted the pHi to recover towards the resting values
(n=6-10); B: The administration of 300 umol/L amiloride (dashed line) to the Na'-
free (from 2 min before the addition of Na’) and Na'-containing HEPES solutions
prevented the recovery of pHiin the presence of Na* (n=6). Removal of amiloride
resulted in the recovery of pHi to resting values.

+2.6 mmol/L B/min and -7.5+1.3 mmol/L B/min,
respectively, #»=6-10]. The administration of 300 umol/L
amiloride to the Na'-free (from 2 min before the addition
of Na+) and Na+—containing HEPES solutions prevented
the recovery of pHi in the presence of Na' (#=6, Figure
8B). Removing amiloride resulted in the recovery of
pHi to resting values. Interestingly, the removal of apical
Na® from the standard HCO3/CO: solution perfusing
CFPAC-1 cells caused a sudden but small acidification
of pHi (ApHi=0.14%0.01 and J(B) =-10.8+0.8 mmol/L
B/min, #=0), wheteas we did not see any change in pHi
when we removed Na' from the basolateral side of the
cells (#=0). Taken together, our experiments showed that
there are Na"/H" exchangers on both the apical and the
basolateral membranes. Finding a Na"/H" exchanger
on the apical side was somewhat unexpected. A possible
explanation for this would be that the cells were leaky
to Na' ions. However, despite the great difference in
Na' concentration (0 mmol/L »s 140 mmol/L) of the
apical and basolateral perfusates, analysis of the Na®
concentration of the solutions by mass spectrometry
showed no contamination during perfusion.

Molecular identification of H and HCOs transporters

To further investigate the presence of different H' and
HCOs' transporters in CFPAC-1 cells, we undertook
RT-PCR analysis. We could detect mRNA expressions
for pNBC1, AE2, and NHE1; the housekeeping gene
GAPDH was used to normalize mRNA levels (Figure 9).

bp Mw pNBC1 AE2 NHE1

GAPDH

587

456
438

298

267
257

174

Figure 9 Expression of pNBC1, AE2, NHE1, and GAPDH mRNA in CFPAC-1
cells. Mw: molecular weight ladder (bp indicates number of base pairs).
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Figure 10 H" and HCOs" transport mechanisms in CFPAC-1 human pancreatic
duct cells. The basolateral membrane expresses Na'/HCOs™ co-transporters, Na'/
H" exchangers and CI7HCOs™ exchangers plus an unidentified Na*-independent
HCOs™ entry pathway. These transporters facilitate the rapid flux of HCOs™ ions into
the cell. K" channels are also likely to be expressed on the basolateral membrane
because altering extracellular K* concentration affects HCOs influx. The apical
membrane expresses Na'/H" exchangers, but not CFTR and CI/HCOs™ exchang-
ers found in normal pancreatic duct cells. The apical membrane is an effective bar-
rier to HCOs™ influx from the lumen, but is freely permeable to CO2. CA: Carbonic
anhydrase.

DISCUSSION

Our results showed the functional presence of the NBC
and CI'/HCOs exchanger on the basolateral membrane,
together with Na'/H' exchangers on both the apical and
basolateral membranes of CFPAC-1 cells (Figure 10). That
there was no detectable CI'/HCOs" exchange activity on
the apical membrane was not a surprise as CFTR is known
to be required for its activation”™”. RT-PCR revealed the
expression of pNBC1, AE2, and NHE1 mRNA.
CFPAC-1 cells clearly demonstrated a differential
permeability to HCOs3 at the apical and basolateral
membranes. We found that the addition of 25 mmol/L
HCOs3/CO:z2 to the basolateral side of the cells caused
a marked alkalinization of pHi, whereas exposing the
apical membrane to the same solution caused a sustained
acidification. These data suggest that the basolateral
membrane of CFPAC-1 cells is much more permeable
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to HCOs than the apical membrane. Plasma membrane
HCOs and CO:2 permeabilities have been reported to
vary in different species and tissues. In perfused rabbit
gastric glands, the luminal membranes of parietal and
chief cells were impermeable to HCOs and COz, while
the basolateral membranes were permeable to both™,
Apical HCOs™ permeability is relatively low in cultured
bovine corneal endothelial cells®”. In contrast, HCOs
permeability of the apical side of intact colonic mucosa
of guinea pig is markedly higher™. Our results are in
accordance with similar observations made by Ishiguro ez
alP" using guinea pig ducts. Administration of 25 mmol/L
HCO5/CO:z to the lumen of microperfused guinea pig
pancreatic ducts decreased pHi rapidly. Following this, no
subsequent increase in pHi was observed, indicating that
little HCOs™ was able to enter the cell from the lumen.
HCOs entry was detected only when the luminal HCO3
concentration was raised above 125 mmol/L. A low apical
HCOs" permeability would make physiological sense in
species, such as man and guinea pig, which can secrete near
isotonic NaHCO3". Our work is the first demonstration
of HCOs'/COz asymmetry in polarized human pancreatic
duct cells. Finally, it seems that CFPAC-1 cells, which
express AF508 CFTR, exhibit the same resistance to
HCO:s' influx across the apical membrane as native guinea
pig duct cells. This suggests that the presence of functional
CFTR in the apical membrane is not required for this
membrane to act as an effective barrier to HCOs™ influx
from the lumen.

A large proportion of the basolateral HCOs uptake was
Na'-dependent and was partially inhibited by H2-DIDS,
therefore, it is most likely due to the action of pNBCI.
However, we also detected a novel Na'-independent
HCOs influx mechanism that was significantly increased
in Cl'-free conditions, the identity of which remains
unknown. NBCs have been detected in the guinea pig™*,
rat”™¥ and mouse™. In contrast, Novak e a/”" could
not detect any HCOs3™ uptake by NBC in freshly prepared
rat pancreatic ducts using electrophysiological and pHi
measurements. Extracellular HCOs/CO:2 did not increase
the rate of pHi recovery in experimental acidosis. The
expressions of NBC mRNA and protein have been
noted in the human pancreas”. Immunofluorescence
localized the transporter to the basolateral but not the
apical membrane of the pancreatic duct cells. Interestingly,
immunohistological studies have shown the NBC in both
the apical and basolateral membranes of rat pancreatic
duct cells™. NBC1 mRNA was also detected in CFPAC-1
cells by Northern hybridization"”. In accordance with
our findings, expression of NBC1 was also found in non-
polarized cells by recovery from acidosis in the presence
of HCOs, Na" and amiloride and its sensitivity to the
administration of 200 pmol/L DIDS™. cAMP had no
effect on NBC activity in CFPAC-1 cells, whereas NBC
activity was stimulated in CAPAN-1 cells expressing wild-
type CFTR"”. The basolateral localization of the NBC
was shown by *Na" flux studies in CFPAC-1 cells stably
transfected with wild-type CFTR grown on permeable
supports (no data was reported for untransfected
CFPAC-1 cells)"”.

The application of the membrane permeable CA
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inhibitor acetazolamide or ethoxyzolamide partially
inhibited the rate of basolateral base flux in CFPAC-1
cells, whereas the membrane-impermeable CA inhibitor
STP™ had no such effect. Carbonic anhydrases are known
to be coupled to HCOs transporters, such as CI'/HCOs
anion exchangers" ™, DRAM and NBC". There are at
least 14 different isoenzymes in the a-CA gene family
present in vertebrates'. CA I-IIT and VII are cytosolic,
while CA TV, IX, XII and XIII are membrane-associated,
V is mitochondrial and VI is secreted. Of the 14 different
isoforms, CA II, IV, IX and XII were shown to be
expressed in the human pancreas and cultured pancreatic
tumor cells"™”, Interestingly, CA II and IV expressions
were found to be associated with apical HCOs™ channels
in human pancreatic duct cells CAPAN-1"] although
the targeting of CA IV to the apical plasma membrane
was impaired in the CFPAC-1 cells®”. Kivela ez /" have
clearly detected the transmembrane CA isoenzymes IX
and XII on the basolateral membrane of the normal and
pathological pancreas by immunohistochemistry. However,
it is unlikely that the latter isoenzymes are associated with
NBC as STP had no inhibitory effect on HCOs uptake.
Furthermore, in accordance with our results, Cheng ef
al® have shown in CAPAN-1 cells that HCOs -dependent
forskolin-induced I« could be significantly reduced by
acetazolamide. Moreover, the CA inhibitor also had an
inhibitory effect on dome formation, which was thought
to be due to exchange of water and electrolytes'™”. Taken
together, intracellular CAs may be involved in the rapid
basolateral transport of HCO3 by NBC. The enzyme
converts HCOs™ to carbonic acid and possibly maintains
a concentration gradient for HCOs' across the basolateral
membrane of CFPAC-1 cells.

Alteration of extracellular K" concentration
significantly influenced HCOs™ uptake in our experiments.
The presence of K" channels in the basolateral membranes
of CFPAC-1 cells is highly likely, and one report has
identified ATP-sensitive K' channels™ in these cells.
A basolateral K conductance will influence the rate of
HCOs' secretion by altering the cells membrane potential.
In our experiments, high extracellular K concentrations
increased HCOs' entry, which was likely due to basolateral
membrane depolarization, and a consequent increase in
the electrochemical driving force for HCO3' entry on
the electrogenic NBC. In contrast, low extracellular K"
concentration inhibited HCOs uptake, probably due to
membrane hyperpolarization.

Novak and Greger”” demonstrated that the basolateral
membrane of rat intra- and inter-lobular pancreatic
ducts had a relatively large K conductance, which
could be decreased by the K* channel blocker Ba>". The
luminal membrane had no significant K* conductance.
Interestingly, Fong ez /" detected K conductances not
only on the basolateral but also on the apical sides of
HPAF human pancreatic duct cells.

CFPAC-1 cells exhibited Na"/H" exchange activity
on both the apical and basolateral membranes (the latter
is most likely to be due to NHE1). Na'/H" exchangers
were identified in guinea pig""*™, rat®>** and mouse!”
pancreatic ducts. These exchangers were localized to the
basolateral membrane of intra/interlobular duct cells.
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However, the main and common segments of the rat
pancreatic ducts also showed Na'/H" exchange activity
in the apical membrane!™. There is also evidence for an
apical Na'/H" exchanger in bovine main pancreatic duct
segments””, Furthermore, the main pancreatic duct of
mice expressed NHE1 in the basolateral membrane, and
NHE2 and NHE3 in the luminal membrane!™. Disruption
of the NHE2 gene had no effect on luminal H' transport,
while disruption of the NHE3 gene reduced luminal
Na'-dependent H" efflux by 45%. The remaining 55%
of the luminal Na'-dependent H" efflux from NHE3-
knockout mice was inhibited by 50 umol/L HOEG694.
Na'-dependent H" transport mechanisms were inhibited
by cAMP, therefore, they are thought to be inhibited
during stimulated secretion and are most likely to be active
during the resting state!”. CFTR in the pancreatic duct
not only affected the activity, but also the expression of
NHE3 protein'’. NHE3 expression was reduced by about
50%, luminal Na'-dependent and HOE694-sensitive
recovery from acid load was reduced by 60% in the ducts
of A508 CFTR mice'”. To our knowledge, we are the
first to detect NHEs on both the apical and basolateral
membranes of human pancreatic duct cells. The presence
of NHE on the apical membrane was unexpected, since
it acted against HCOs secretion. We do not know which
section of the pancreatic duct CFPAC-1 cells originate
from, but they might be from the main region where
the expression of the apical NHEs was noted in animal
studies. In accordance with our results, failure of pHi to
recover from acid loading in the absence of extracellular
Na' suggests that there is little H -pump activity in the
unstimulated guinea pig ducts”. This is in contrast with
the observations made in rat"” and pig”™ pancreatic ducts,
which showed H'-pump activity.

The role of apical CI'/HCOs exchangers in pancreatic
ductal HCOs3' secretion is a controversial issue. One
hypothesis is that all of the HCOs' is secreted on an
anion exchanger and that CFTR’s role is to activate the
exchangers and to provide a route for the recycling of CI
across the apical membrane™. An alternative proposal is
that HCOs secretion occurs on the exchanger until the
luminal concentration reaches about 70 mmol/L after
which HCO» exits the duct cell via CFTR. Previously, it
has been shown that CFPAC-1 cells express AE2 on their
basolateral membrane (which was also confirmed in our
study) and SLC26A3 (DRA) and SLC26A6 (PAT1) on their
apical membrane, and that expression of the apical SLC26
exchangers is upregulated by CFTR", In accordance with
these data, we observed basolateral CI'/HCOs exchange
activity (which was inhibited by H2-DIDS) in wild-type
CFPAC-1 cells, but no apical activity, presumably due to
the lack of CFTR. We also found that forskolin had no
effect on ecither the basolateral or apical anion exchange in
CFPAC-1 cells.

In conclusion, apart from the lack of CFTR and apical
CI'/HCOs exchange activity, CFPAC-1 cells have similar
H" and HCOs transporters to those observed in native
animal tissue. Moreover, intracellular CAs appeat to play
a role in the basolateral uptake of HCOs'. Taken togethert,
polarized CFPAC-1 human pancreatic duct cells are likely
to be a useful model to study H" and HCO5 ™ transporters,

and their dependence on CFTR, in human pancreatic duct
cells.
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