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Summary

Patients with cystic fibrosis demonstrate a
defect in HCO3

- secretion by their pancreatic
duct cells. However, attempts toward
understanding or correcting this defect have
been hampered by a lack of knowledge
regarding the cellular and molecular
mechanisms mediating HCO3

- transport in these
cells. Recent functional and molecular studies
indicate a major role for a basolateral
electrogenically-driven Na+:HCO3

-

cotransporter (NBC1) in mediating the
transport of HCO3

- into the duct cells. The
HCO3

- exits at the lumen predominantly via
two recently discovered apical HCO3

-

transporters. cAMP, which mediates the
stimulatory effect of secretin on pancreatic
ductal HCO3

- secretion, potentiates the
basolateral Na+:HCO3

- cotransporter due to
generation of a favorable electrogenic gradient
as a result of membrane depolarization by Cl--
secreting cystic fibrosis transmembrane
conductance regulator (CFTR). Two apical
HCO3

- transporters drive the secretion of
bicarbonate into the pancreatic duct lumen.
Molecular and functional studies indicate that
CFTR upregulates the expression of these two
apical HCO3

- transporters. In addition, CFTR
may also upregulate the expression of certain
water channels and facilitate the secretion of
fluid into the duct lumen. In brief, current
research suggests that the defect in pancreatic

HCO3
- secretion in patients with cystic fibrosis

is multifactorial and involves the alteration in
the function/expression of transporters at the
basolateral and luminal membrane domains of
the duct cells.

The excretory duct system of the pancreas
serves as a conduit for delivery of an alkaline,
bicarbonate rich fluid to the duodenum [1, 2].
This HCO3

- rich fluid is secreted in response to
the release of secretin by S cells in proximal
duodenum in response to the acidic chyme
emptying from the stomach [1, 2, 3], with
subsequent delivery to the pancreas (via blood)
where it stimulates HCO3

- secretion. Studies
examining the mechanism(s) of HCO3

-

transport in pancreatic ducts demonstrate that
stimulation of the pancreas with secretin
increases both the volume and the HCO3

-

concentration of pancreatic juice [1, 2, 3].
Given the fact that more than 90% of the HCO3

-

in the pancreatic juice is derived from the
plasma [1, 2], it becomes evident that
specialized and high capacity acid-base
transporters are responsible for active HCO3

-

secretion into the pancreatic lumen.
Cystic fibrosis (CF) which is an autosomal
recessive disease, and results from mutational
inactivation of a cAMP-sensitive Cl- channel,
manifests itself with impairments in the
respiratory, pancreatic, hepatobiliary, and
genitourinary systems. The pancreatic
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dysfunction is felt to result primarily from
impairment of secretin-stimulated ductal Cl-
and HCO3

- secretion [4, 5]. Based on
histopathologic evidence, it has been postulated
that the reduction in secretin-stimulated HCO3

-

secretion from pancreatic duct epithelial cells
alters intraductal pH sufficiently to precipitate
proteins secreted from acinar cells. This should
result in protein plugs and the disruption of
vesicular trafficking in the acinar cell's apical
domain [5]. These alterations would lead to
pancreatic fibrosis and insufficiency in majority
of CF patients [5].
The pathways mediating the uptake and
secretion of bicarbonate in pancreatic duct cells
have been examined by several investigators.
Further, attempts have been made to identify
the mechanisms of decreased ductal
bicarbonate secretion in CF patients. In this
studies, we examined the molecular and
functional regulation of apical Cl-/HCO3

-

exchangers by CFTR in cultured pancreatic
duct epithelial cells exhibiting physiologic
features prototypical of cystic fibrosis (CFPAC-
1 cells, lacking a functional CFTR) or normal
duct cells (cystic fibrosis pancreatic
adenocarcinoma (CFPAC)-1 cells transfected
with functional wild type CFTR, termed
CFPAC-WT).

Results

In the first series of experiments, total Cl-

/HCO3
- exchange activity (apical and

basolateral) was assayed in cultured CFPAC-1
and CFPAC-WT cells grown on coverslips. The
summary of 6 separate experiments
demonstrated that the 4,4'-
diisothiocyanatostilbene-2,2'-disulphonic acid-
(DIDS)-sensitive Cl-/HCO3

- exchange is
increased (by 220%) in cells transfected with
functional CFTR (CFPAC-WT). The Cl- /HCO3

-

exchange activity was inhibited by about 90%
in either cell line in the presence of 500 µM
DIDS.

To determine the contribution of apical Cl-

/HCO3
- exchange activity to total exchange

activity measured in cells on coverslips, DIDS-
sensitive 36Cl- influx across the luminal surface
of the cells grown on permeable support was
measured. The results indicated that the DIDS-
sensitive, luminal 36Cl- influx was increased by
about 400% in cells transfected with functional
CFTR (P<0.01 vs. CFPAC-1 cells).
In search of the identity of the upregulated
apical chloride/base exchanger in CFPAC-WT
cells we examined the expression of DRA in
pancreatic duct cells. Northern hybridizations
indicated that down-regulated in adenoma
(DRA) mRNA was expressed in functional
CFTR-bearing duct epithelial cells, but could
not be detected in CFPAC-1 cells expressing a
mutant CFTR.
To determine whether DRA is expressed in
native pancreatic tissue, Poly (A+) RNA from
mouse pancreas (Clonetech; Palo Alto, CA,
USA) was used for Northern hybridization. The
results demonstrated that mouse pancreas
expresses high levels of DRA mRNA. Next we
examined the localization of DRA in mouse
pancreas by immunohistochemical staining.
The DRA immune serum strongly labelled the
apical membrane of the duct cells. In addition
to the apical labelling, cytoplasmic staining was
also detected in the pancreatic duct cells. No
staining was detected in acinar cells. Staining
with a non immune serum did not show any
labelling in the duct cells.
Recent cloning experiments have identified a
new transporter with high homology to DRA
and Pendrin [6]. This transporter is named
putative anion transporter (PAT1 or SLC26A6)
and is expressed in pancreas and kidney [6].
Immunocytochemical studies localized PAT1 to
the apical membranes of the pancreatic duct
cells [6]. Northern hybridization studies in our
laboratory indicated that the expression of
PAT1 is enhanced by about 5 fold in CF duct
cells transfected with functional CFTR.
Enhanced expression of PAT1 was associated
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with increased protein abundance (data not
shown).

Discussion

The currently accepted model of pancreatic
ductal HCO3

- secretion suggests that the
intracellular HCO3

- is accumulated in response
to the action of cytosolic carbonic anhydrase on
the CO2 that diffuses from the basolateral
membrane. The G protein-coupled receptors
(e.g. secretin, vasoactive intestinal peptide)
activate cAMP-sensitive CFTR which secrets
Cl- into the lumen. The resultant increases in
luminal Cl- then drives an apical Cl-/HCO3

-

exchanger (reviewed in [1, 2, 7]). However,
recent reports in mammalians indicate that
HCO3

- uptake at the basolateral membrane of
pancreatic duct cells is Na+-dependent [8] and
mediated via Na+:nHCO3

- cotransporter [9].
Molecular cloning studies have identified
several NBC isoforms (reviewed in [10]). We
have examined the expression of NBC isoforms
in cultured pancreatic duct epithelium, in order
to achieve a better insight into the mechanism
of pancreatic HCO3

- secretion defect in cystic
fibrosis. The results demonstrate the expression
of three NBC isoforms (NBC1, NBC2 and
NBC3) in cultured duct cells. Functional
studies indicate the localization of NBC
isoforms to the basolateral membrane. Given
the intra and extracellular Na and HCO3

-

concentrations and the membrane potential
measurements across the basolateral membrane
it is presumed that all NBC isoforms work in
the influx mode and transport bicarbonate to the
duct cell.
Apical bicarbonate transporters are responsible
for the secretion of bicarbonate into the duct
lumen [1, 2]. However, the identity of apical
bicarbonate transporters in the pancreatic duct
remains unknown. Several studies suggest that
a Cl-/HCO3

- exchanger and or a bicarbonate
conductive pathway likely mediate bicarbonate
secretion. A new family of anion exchangers
has been recently identified. Several members

of this family are down-regulated in adenoma
(DRA), Pendrin, and PAT1 or SLC26A6 [6, 11,
12]. DRA, which was originally cloned from
colon and found to mediate sulfate, oxalate and
chloride transport in Xenopus oocytes [11, 13],
was recently shown to be a Cl-/HCO3

-

exchanger [14]. Coupled to immunolocalization
studies, it has been proposed that DRA is an
apical anion exchanger in the colon. We have
examined the expression of DRA in cultured
pancreatic duct epithelial cells exhibiting
physiologic features prototypical of cystic
fibrosis (CFPAC-1 cells, lacking a functional
CFTR) or CF duct cells transfected with
functional wild type CFTR (CFPAC-WT).
These studies indicated that DRA is heavily
upregulated by functional CFTR.
Very recently a new protein with high
homology to DRA was cloned [6]. This
transporter which is named putative anion
transporter (PAT-1) is expressed in pancreas
and kidney [6]. Immunocytochemical studies
localized PAT1 to the apical domain of the
pancreatic duct cells [6]. We have examined the
expression of PAT-1 in cultured pancreatic duct
cells. The results indicate that the expression of
PAT-1 is significantly increased in cells
transfected with functional CFTR. Studies are
currently underway to examine the functional
identity of PAT1. Pendrin and AE4, the other
known apical Cl-/HCO3

- exchangers, are not
expressed in cultured pancreatic duct cells.
Recent functional and molecular studies
indicate the complexity of pancreatic ductal
HCO3

- secretion defect in patients with cystic
fibrosis. Based on the current studies and the
available literature, we propose that HCO3

-

secretion defect in CF duct cells may involve
transporters in both basolateral and apical
membrane domains. In cystic fibrosis, the
basolateral NBC remains inactive due to the
lack of membrane depolarization (which
normally results from CFTR activation).
Further, the exit of bicarbonate across the apical
membrane is decreased due to the
downregulation of apical DRA and PAT1.
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Methods and Materials

Cell lines CFPAC-1 cells, a pancreatic duct cell
line derived from a patient with cystic fibrosis
and bearing a delta F 508 mutation, were
cultured as previously described [9, 15]. Stably
transfected CFPAC-1 cells bearing functional
CFTR (termed CFPAC-WT) were generous
gifts from Dr. Raymond Frizzell and were
cultured in a similar fashion excepting the
addition of G418 (1 mg/mL) to the medium
[15].

Cell pH measurement Changes in intracellular
pH (pHi) were monitored using the
acetoxymethyl ester of the pH-sensitive
fluorescent dye 2’7’-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein (BCECF) in cells grown on
glass coverslip, as described [16, 17]. The
monolayer was then perfused with the
appropriate solutions in a thermostatically
controlled holding chamber (37 °C) in a Delta
Scan dual excitation spectrofluoremeter (PTI,
South Brunswick, NJ).

RNA isolation and Northern Blot hybridization
Total cellular RNA was extracted from
CFPAC-1 and CFPAC-WT cells according to
the established methods [18], quantitated
spectrophotometrically, and stored at –80 °C.
Hybridization was performed according to
Church and Gilbert [19], using [32P] dCTP-
(NEN. Boston, MA) labelled cDNA probes.

Immunocytochemistry of DRA in mouse
pancreas Pancreas from normal mice were cut
into slices and mounted on holders to form
tissue blocks. The tissues were fixed in a
solution containing 0.1% glutaraldehyde plus
2% paraformaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.20, and stored in 0.1 M
cacodylate buffer, pH 7.20 at 4 °C. For
immunohistochemistry, the tissue blocks were
sectioned into 5 µm section. A DRA specific
antibody [20] was applied to the slides in 1/100
dilution in PBS + 1% BSA and the presence of

saponin, and incubated in a humidified chamber
for 2 hours at room temperature. The
peroxidase-anti-peroxidase (PAP) conjugate
diluted in 1:100 in PBS + 1% BSA was applied
to the slides.

PAT-1 antibody generation and immunoblot
analysis Polyclonal antibodies were raised in 2
rabbits against mouse PAT1 using a synthetic
peptide with amino acid sequence
MDLRRRDYHMERPLLNQEHL. The
preimmune and immune sera of the 3rd bleed
were purified by IgG purification kit (Sigma
Co., St. Louis, USA) and used for immunoblot
analysis. Microsomes from cultured CFPAC-1
and CFPAC-WT cells were prepared and
resolved by SDS-PAGE (30 µg/lane) and
transferred to nitrocellulose membrane. The
membrane was blocked with 5% milk proteins,
and then incubated for 6 hrs with 40 µL of
putative anion transporter 1 (PAT1) immune
serum diluted at 1:400. The secondary antibody
was a donkey anti-rabbit IgG conjugated to
horseradish peroxidase (Pierce Chemical,
Rockford, IL, USA). The site of antigen-
antibody complexation on the nitrocellulose
membranes was visualized using
chemiluminescence method (SuperSignal
Substrate, Pierce Chemical, Rockford, IL,
USA) and captured on light sensitive imaging
film (Kodak, Rochester, NY, USA).

Statistical analyses Values are expressed as
mean±SEM. The significance of difference
between mean values were examined using
ANOVA. P value less than 0.05 was considered
statistically significant.
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Abbreviations BCECF: 2’7’-bis(2-
carboxyethyl)-5(6)-carboxyfluorescein; CF:
cystic fibrosis; CFPAC: cystic fibrosis
pancreatic adenocarcinoma; CFTR: cystic
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fibrosis transmembrane conductance regulator;
DIDS: 4,4'-diisothiocyanatostilbene-2,2'-
disulphonic acid; DRA: down-regulated in
adenoma; NBC: Na+:HCO3

- cotransporter;
PAP: peroxidase-anti-peroxidase; PAT:
putative anion transporter; PDS: pendred
syndrome gene; pHi: intracellular pH
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