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Abstract

Wehave used in situ hybridization to localize expression of the
cystic fibrosis transmembrane conductance regulator (CFTR)
gene in the human gastrointestinal tract and associated organs.
The stomach exhibits a low level of CFTRexpression through-
out gastric mucosa. In the small intestine, expression is rela-
tively high in the mucosal epithelium, with a decreasing gra-
dient of expression along the crypt to tip axis. The cells of the
Brunner's glands express high levels of CFTRmRNA.In addi-
tion, there is a small subpopulation of highly positive cells scat-
tered along the epithelium in the duodenum and jejunum, but
not in the ileum. These cells do not represent endocrine cells, as
determined by lack of colocalization with an endocrine-specific
marker. The distribution of CFTRmRNAin the colon is simi-
lar to the small intestine, with highest level of expression in the
epithelial cells at the base of the crypts. In the pancreas, CFIR
is expressed at high levels in the small, intercalated ducts and
at lower levels in the interlobular ducts. CFI'R transcripts are
expressed at uniformly high levels in the epithelium of the gall-
bladder. Throughout the gastrointestinal tract, CFTRexpres-
sion is increased in mucosal epithelial cells that are near lymph
nodules. (J. Clin. Invest. 1994. 93:347-354.) Key words: cystic
fibrosis * expression * intestine * chloride secretion * epithelia

Introduction

Cystic fibrosis (CF)' is a commongenetic disease characterized
clinically by chronic obstructive pulmonary disease, insuffi-
cient pancreatic exocrine function, intestinal malabsorption,
and elevated sweat electrolyte levels ( 1, 2). CF is caused by
mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene (3-5), which encodes a membrane-as-
sociated chloride (Cl-) channel (2, 6, 7). By Northern blot
analysis, the CFgene is expressed at variable levels in epithelial
tissues and cells lines, and is particularly highly expressed in the
colonic epithelial cell line T84 (4). At the cellular level, CFTR
dysfunction results in defective cAMP-regulated Cl- conduc-
tance, primarily in cells of epithelial origin (8, 9). This disrupts
transepithelial Cl- secretion, which is critical for the produc-

Address correspondence to Dr. Francis S. Collins, Building 38A, Room
605, 9000 Rockville Pike, Bethesda, MD20892.

Receivedfor publication 16 April 1993 and in revisedform 30 Au-
gust 1993.

1. Abbreviations used in this paper: CF, cystic fibrosis; CFTR, cystic
fibrosis transmembrane conductance regulator.

The Journal of Clinical Investigation, Inc.
Volume 93, January 1994, 347-354

tion of properly hydrated secretions. As a result, many exocrine
organs become clogged with thick, inspissated secretions. In
the lung, the unusually viscous nature of the secretions is asso-
ciated with chronic infections, airway obstruction, and, eventu-
ally, respiratory failure.

Although lung disease is the primary cause of mortality in
CFpatients today, a significant proportion of the morbidity of
the disease is directly related to gastrointestinal complications
( 1, 10). Obstruction of pancreatic ducts by hyperconcentrated
secretions results in destruction of the pancreas and insufficient
delivery of pancreatic enzymes. Oral enzyme supplementation
is necessary for - 85% of patients. Another commoncompli-
cation is intestinal obstruction. In 5-10% of CFcases this is the
presenting symptom, occurring in newborns as meconium
ileus. A similar blockage, distal intestinal obstruction, occurs in
> 20% of adult patients ( 11). CF patients also face an in-
creased incidence of liver disease characterized by focal biliary
cirrhosis (12, 13), and an increased incidence of gallbladder
disease compared with the normal population ( 14, 15). Other
gastrointestinal disturbances include dilation of the duodenal
Brunner's glands ( 16) and small bowel changes evident by ra-
diographic studies ( 17).

The recently developed transgenic CF mouse models also
demonstrate significant pathology in the gastrointestinal tract
( 18, 19). In one transgenic line, gastrointestinal complications
represent the primary cause of mortality (18). The extensive
pathology in the gastrointestinal tract and accessory organs of
humans and mice suggests a critical role for CFTRin main-
taining proper ion and water balance throughout the digestive
system. Characterization of the specific cell types that express
CFTRin vivo is an important step in elucidating the normal
role of this protein and understanding the pathological basis of
the disease, particularly in distinguishing the pathological find-
ings that are due to a primary defect from those that arise from
the secondary effects of pancreatic insufficiency and malabsorp-
tion. Wetherefore investigated the expression of CFTRmRNA
in the human gastrointestinal tract, where it was found to be
expressed in a complex and precisely regulated manner.

Methods

Sample preparation. Tissue samples were obtained from surgical speci-
mens, and primarily represented samples of normal tissue removed
during resections of benign and malignant neoplasms. Samples used in
the in situ studies were taken from outside the margins of abnormal
tissue and appeared histologically normal when examined by light mi-
croscopy. The exception was the gallbladder samples, which were re-
moved due to cholecystitis. Tissue samples were immediately frozen by
immersion in cold (-30°C) isopentane or embedded in OCTand fro-
zen in the same manner. Frozen sections (6-8 ,um) were mounted onto
poly (L-lysine)-coated slides and stored at -700C until used.

In situ hybridization. Sections were fixed in freshly prepared 4%
paraformaldehyde (pH 7.4) for 1 h at room temperature. After rinsing
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in 2x SSC, the sections were incubated with 1 Ag/ml proteinase K for
10 min at 370C, then treated with 0.25% acetic anhydride in 0.1 M
triethanolamine (TEA) (pH 8.0) for 10 min, and dehydrated through a
graded ethanol series. As a control for nonspecific binding of the anti-
sense probe to tissue, some sections were treated with 100 gg/ml
RNase A for 1 h at 370C before incubation in proteinase K.

Antisense and sense 35S-labeled cRNA probes specific for the R
domain of CFTR(base pairs 1900-2770) were prepared by an in vitro
transcription reaction using T7 or T3 polymerase (GIBCO BRL,
Gaithersburg, MD). The reaction included 100 Ci of UTPand 50 MCi
of CTP( 1,000-1,500 Ci/mmol; NewEngland Nuclear, Boston, MA),
1 ug of linearized plasmid, 0.5 mMATP, 0.5 mMGTP, 0.4 mMCTP,
and 15 mMDTT, in a reaction buffer provided by the manufacturer.
The radiolabeled probes were hydrolyzed to 100-300 nucleotides in
length to increase the permeability.

Sections were hybridized overnight at 55°C with 7 x I07 cpm/ml of
probe corresponding to the antisense or, as a control, the sense strand.
The probe was diluted in a hybridization solution that consisted of 75%
formamide, 3x SSC, 0.2 mg/ml tRNA, lx Denhardt's solution, 50
mMNaPO4buffer (pH 7.4), and 10% dextran sulfate so that the final
concentration of formamide was 60-65%; and DTT was added to a
final concentration of 10 mM. After hybridization, coverslips were re-
moved and the slides were washed three times in 2X SSC at room
temperature, and then in 50% formamide, 2X SSC, 25 mMDTT for 20
min at 60°C. After this high stringency wash, the slides were rinsed in a
buffer of 10 mMTris-Cl (pH 7.5), 5 mMEDTA, 0.4 MNaCl and
treated with RNase A (60 Mg/ml) in the same buffer for 1 h at 37°C.
The slides were then washed in buffer alone for 15 min and finally
washed for 2-4 h at 37°C in a 50% formamide, 2X SSC, 10 mMDTT.
After dehydration through a graded ethanol series, slides were hand
dipped in NTB-2 liquid emulsion (Kodak, Rochester, NY) and stored
at 4°C in a light-tight box with desiccant for 5-14 d. The slides were
developed in D- 19 developer (Kodak) for 2 min, rinsed with distilled
water, immersed in Rapid Fixer for 3 min, and again rinsed in water.
Sections were stained with the nuclear stain toluidine blue 0 (0.2%),
dehydrated, and mounted. Silver grains were visualized by dark field
microscopy using a Nikon Microphot-FXA microscope. The percent
of infrequent, highly positive cells in the duodenum and jejunum sec-
tions was determined by counting a minimum of 10 fields and 3,500
cells.

Immunocytochemistry. Sections stained for chromogranin A first
underwent in situ hybridization as described above. Before dipping the
slides in photographic emulsion, the sections were rehydrated in Tris-
buffered saline (TBS; 50 mMTris-Cl, pH 7.5, 0.9% NaCl). Endoge-
nous peroxidase activity was quenched by immersion in 0.5% H202 in
methanol for 20 min at room temperature. Nonspecific binding was
blocked through incubation with 0.1% BSA (crystalline grade; Sigma
Chemical Co., St. Louis, MO) and 1.5% normal horse serum for 30
min at 37°C. A commercially available monoclonal antibody specific
for chromogranin A (20) (Boeringher Mannheim Biochemicals, In-
dianapolis, IN) was incubated with the sections at a concentration of
10 ,ug/ml for 1 h at 37°C in TBSwith 0.1% BSA. After washing in three
changes of TBS, the antichromogranin localization was visualized us-
ing a Vectastain ABC immunoperoxidase system (Vector Laborato-
ries, Burlington, CA) with diaminobenzadine as the substrate accord-
ing to the manufacturer's directions. After developing the reaction
product, the sections were dehydrated and the slides were coated in
emulsion, exposed, and developed as usual for in situ hybridization.
Sections were stained with toluidine blue 0, and cells containing chro-
mogranin contained a brown reaction product. As a control, some
sections were incubated in BSA that did not contain the primary anti-
body. No reaction product was detected in these sections (not shown).

Results

In situ hybridization in the stomach and intestines. The pattern
of CFTRexpression in the stomach was studied using a cRNA

probe (Fig. 1, A-C). CFTRis expressed at low levels through-
out the gastric glands, including the mucous surface and neck
cells, parietal cells, and chief cells. Expression is diffuse and no
specific cell type expresses CFTR at high levels. There is no
detectable expression in the underlying muscularis mucosa.
Sections that were hybridized with the control CFTR sense
cRNAprobe (Fig. 1 C), or those pretreated with RNase before
hybridization with the antisense probe (data not shown), did
not show any significant hybridization. The low levels of ex-
pression in the human stomach is consistent with studies of
mouse CFTR( 18), where expression in the stomach is much
lower than in the intestines.

In contrast to the stomach, CFTRis expressed at relatively
high levels in the intestinal epithelium (Fig. 1, D-L). Overall,
expression is highest in the duodenum, decreases steadily
through the small intestine, and is lowest in the colon. In all
regions of the intestine, there is a decreasing gradient of CFTR
expression along the crypt to villus tip axis, with expression of
CFTRhighest in the cells of the crypts. The signal in the crypts
is uniformly high, suggesting that all cell types in the crypts,
including goblet cells, Paneth cells, and undifferentiated epithe-
lial cells, express similar levels of CFTR. Expression decreases
toward the tips of the villi, and only a weak signal was detected
in the top one-third of the villi.

The duodenum exhibits relatively high levels of CFTR
mRNAin the mucosal epithelial cells (Fig. 1, D-F), with the
crypt cells expressing more CFTRthan the villus cells. In addi-
tion, there are isolated cells scattered throughout the crypts and
villi that express high levels of CFTRmRNA(Fig. 1 E). These
highly positive cells have a frequency of 1-2% of the cells
along the epithelium, and are present both in the crypts and
along the villi, but are more often found on villi. The cells of the
Brunner's glands also express high levels of CFTRmRNA(Fig.
1 E). Expression is uniformly high in these gland cells.

A pattern of expression similar to the duodenum is appar-
ent in the jejunum (Fig. 1, G-I). Again, expression is highest in
the epithelial cells of the crypts and decreases towards the tips,
except for the isolated, highly positive cells. The highly positive
cells are slightly less numerous in the jejunum, comprising
- 0.5% of the epithelial cells. As in the duodenum, CFTR
transcripts are not detectable in the submucosa.

CFTRexhibits a similar pattern of expression in the ileum
(Fig. 1, J-L) and colon (Fig. 1, M-O). In both cases CFTR
expression is highest in the lowest one-third of the crypts, is
decreased but detectable in the middle one-third, and is unde-
tectable in the top one-third of epithelial cells. The highly posi-
tive cells present in the duodenum and jejunum are absent
from the ileum and colon.

Analysis of highly positive intestinal epithelial cells. The
epithelial cells expressing high levels of CFTRmRNAin the
duodenum and jejunum were studied further to determine if
they belonged to a previously described subset of intestinal epi-
thelial cell. Whenvisualized by light microscopy, these cells are
located primarily along the epithelial cell layer and are not
morphologically distinct from the columnar epithelial cells
present in the crypts and villi. They appear distinct from goblet
cells, however, as they lack apical mucous cups and do not have
flattened, basally located nuclei. The frequency and distribu-
tion of the highly positive cells are most consistent with that
described for certain subsets of enteroendocrine cells, for exam-
ple, those that secrete secretin, gastric inhibitory pepitde, or
cholecystokinin (21 ). To determine if these cells are in fact
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Figure 1. Hybridization of a 35S-labeled CFTRcRNA in stomach and intestine tissue sections. (Left) Bright field photomicrograph of the tissue
hybridized with an antisense probe; (middle) the same field visualized with dark field optics so that the antisense signal is seen as silver grains;
and (right) an adjacent section hybridized with the control (sense) cRNAprobe and visualized by dark field microscopy. (A-C) Stomach (X60).
A low level of hybridization is found throughout the gastric mucosa. (D-F) Duodenum (X60). The level of expression decreases along the
crypt to tip axis, with the exception of infrequent highly positive cells. These cells are found predominantly along the epithelial lining of the villi
and, less frequently, the crypts. Very rarely, a highly positive cell appeared to be located in the lamina propria. An arrow indicates the location
of a Brunner's gland. (G-I) Jejunum (X80). The pattern of expression is similar to the duodenum, except that the frequency of the highly posi-
tive cells is lower. (J-L) Ileum (X80). No highly positive cells are apparent in the final portion of the small intestine. (M-O) Colon (X80).
Expression is highest in the base of the crypts.
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endocrine cells, we performed immunocytochemistry on sec-
tions after they had been hybridized with the CFTRprobe. A
well-characterized antibody specific for chromogranin, a pro-
tein component of the secretory membrane vesicles, was used.
This antibody has been shown to react with all known subtypes
of enteroendocrine cells (20). The CFTRmRNAand the an-
tichromogranin antibody reaction product were visualized at
the same time. As demonstrated in Fig. 2, the cells highly posi-
tive for CFTRexpression are different from those that express
chromogranin, indicating that they do not represent enteroen-
docrine cells.

Expression of CFTR in the pancreas. As expected on the
basis of pathology, CFTR is expressed at high levels in the
pancreas (Fig. 3, A-C). The signal was strongest in the small,
intercalated ducts that connect the acini, although no signal
was detectable in the acinar cells themselves. The signal was
decreased, although still readily detectable, as the size of the
ducts increased. Expression of CFTRin the epithelial cells of
the large, interlobular ducts was found to be less than half that
of the intercalated ducts cells. No expression was apparent in
the cells that comprise the islets of Langerhans, nor in the con-
nective tissue.

Expression of CFTRin gallbladder. CFTRwas found to be
expressed at uniformly high levels in the columnar epithelium
lining the lumen of the gallbladder (Fig. 3, D-F). Expression is
limited to epithelial cells and appears to be similar throughout
the gallbladder neck and body.

Expression of CFTRnear lymph nodules. In the stomach
and intestinal epithelia, CFTRexpression is increased in epithe-
lial cells that are in close proximity to lymph nodules (Fig. 4).
There is a gradient of expression, with epithelial cells that are in
direct contact with lymph nodule tissue expressing the highest
level of message, and a gradual decrease in the level of expres-
sion in cells that are located further away from the lymph nod-
ule. The degree of increase in CFTRmRNAwas somewhat
variable between samples and was best appreciated in tissues
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Figure 2. Localization of CFTRmRNAand chromogranin protein in
the small intestine. Bright field (A) and dark field (B) photomicro-
graphs of duodenal sections that were hybridized with a CFTRanti-
sense probe and stained with an endocrine-specific antibody. Some
of the cells highly positive for CFTRexpression are indicated by the
arrowheads in A, and are seen as bright spots in B, while several cells
positive for chromogranin (brown reaction product) are indicated
with arrows (X200).

that expressed comparatively low levels of CFTR, such as stom-
ach and colon. As would be expected on the basis of Northern
blot analysis (4), CFTR transcripts were not detected in the
cells of the lymph nodules themselves.

Discussion

Wehave examined CFTRmRNAexpression in the adult hu-
man gastrointestinal tract. The pattern and level of expression
in the adult digestive system is similar to that reported in the
fetus (22, 23), suggesting that CFTRperforms similar func-
tions in the fetal and adult digestive tract. This contrasts with
the respiratory system, where fetal lungs express high levels of
CFTR compared with adults (22-25). The distribution of
CFTRmessage described here is consistent with the published
data for CFTR protein expression using polyclonal antisera
(26, 27) or a monoclonal antibody (28). CFTRmRNAdetec-
tion may be more sensitive in some instances; while staining of
interlobular ducts of the pancreas was equivocal with some
CFTRantibodies (26, 27), the in situ data demonstrate that
CFTR is expressed in these cells, but at a relatively low level
compared with the intercalated duct cells. Wefound CFTR
mRNAto be localized to cells that are important in establish-
ing proper fluid and ion concentrations in digestive tract secre-
tions.

As fluid traverses the gastrointestinal tract, the overall direc-
tion of Cl- flow is absorptive; however, there is a significant
Cl - secretory component critical to normal function. Physio-
logical studies suggest that it is the crypt cells of the intestine
that secrete Cl - (29, 30). The localization of CFTRexpression
to this region, as shown here by in situ hybridization, is consis-
tent with evidence that Cl- secretion is defective in the intes-
tines of CF patients while Cl- absorption is normal (31-33).
Epithelial cell apical Cl - secretion, followed by sodium (Na'),
is the driving force for water to enter the lumen. It is likely that
CFTR-mediated Cl- secretion in the crypts is critical for
proper hydration of intestinal mucus secretions, and that a pri-
mary defect in Cl - secretion mayrepresent a significant compo-
nent of intestinal obstruction.

Throughout the digestive tract, CFTR was found to be
highly expressed in cells that modify the ionic composition of
secreted fluids, primarily through bicarbonate (HCO3 ) and
water secretion. High levels of CFTRmessage were detected in
regions such as the pancreatic intercalated ducts, where cAMP-
induced HCO secretion is important for the alkalinization of
pancreatic acinar secretions. In addition to a Cl- channel de-
fect, the pancreas of CF patients exhibits a parallel defect in
HCO- secretion, with a decrease in Cl-, water, and HCO-
measurable in the pancreatic secretions (34). CFTRexpres-
sion is also high in the cells of the duodenal Brunner's glands.
These glands secrete a highly alkaline mucus solution, rich in
bicarbonate ions, that acts along with the secretions of the pan-
creas to neutralize the stomach contents and protect the muco-
sal epithelium. Localization of CFTRto cells important in al-
kalinizing and hydrating secretions is consistent with a model
of Cl - secretion in these tissues in which cAMP-stimulated Cl-
efflux drives HCO- secretion via an anion exchanger. In this
model, secreted Cl- is reabsorbed by the cell in exchange for
HCO , which is secreted into the lumen (26, 30, 34). cAMP-
stimulated primary active proton transport across the basolat-
eral membrane or basolateral Na+-HCO3 symport may repre-
sent additional driving forces for Cl- secretion and Cl-/HCO3
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Figure 3. Localization of CFTRmessage in the pancreas (A-C) and gallbladder (D-F). Bright field (A) and dark field (B) photomicrographs of
pancreatic sections hybridized with a CFTRantisense probe. The strong signal is localized to small, intercalated ducts. An interlobular duct
surrounded by connective tissue is located in the top right hand corner of the field. (C) An adjacent section hybridized with the sense cRNA
probe and viewed with darkfield optics (x60). Bright field (D) and dark field (E) photomicrographs of gallbladder sections hybridized with an
antisense probe. Expression is detected in the epithelial cells. (F) Dark field photomicrograph of an adjacent section hybridized with the sense
probe. (X 100).

exchange at the apical membrane (35). Wehave shown else-
where (35a) that CFTRmRNAis also highly expressed in the
bile duct cells of the liver, where a similar alkalinization and
hydration of bile secretions occurs.

The role of CFTRin the gallbladder, generally thought of as
salt-absorptive epithelium, is less clear. Clinically, > 40%of CF
patients have signs of gallbladder disease ( 15 ), and CFpatients
at all levels of pancreatic function have decreased bile acid and
water output from the gallbladder (36), suggesting a primary
defect may be present. In addition, a cAMP-stimulated apical
CP- conductance has been described in the gallbladder of mam-
mals and amphibians, and is associated with inhibition of fluid
and salt absorption (37, 38). The high level of CFTRexpres-
sion in gallbladder epithelium suggests that cAMP-stimulated
apical CP- secretion may contribute significantly to the modifi-
cation and/or release of gallbladder contents. A better under-

standing of the functional role of Cl- conductance in the gall-
bladder will be necessary to determine the basis of pathology in
CF patients.

Infrequent cells in the intestine epithelia of the duodenum
and jejunum were found to express very high levels of CFTR.
These cells had morphological characteristics that were incon-
sistent with goblet cells, but were otherwise indistinguishable
from columnar epithelial cells. The presence of cells highly
positive for CFTRhas been documented in the rat small intes-
tine (39), but they were not found in the mouse jejunum (T. V.
Strong, unpublished results). Although the frequency and dis-
tribution of the highly positive cells are most consistent with
that of a subclass of enteroendocrine cells, an endocrine-speci-
fic cell marker did not colocalize with CFTRmRNA, indicat-
ing that the highly positive cells are not endocrine cells. An-
other relatively infrequent cell type in the intestinal epithelia is
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Figure 4. Increased expression of CFTRnear lymph nodules. Bright field (A, C, and E) and dark field (B, D, and F) photomicrographs of
stomach (A and B), ileum (C and D), and colon (E and F) tissue sections hybridized with the antisense probe. In each bright field panel, the
location of a lymph nodule is evident by the dense population of nuclei (LN). Those epithelial cells near the lymph nodule have a higher level
of CFTRmRNAsignal compared with the cells not in close approximation to the lymph nodule (X60).

the Tuft or caveolated cell (40, 41 ). However, Tuft cells have
been identified throughout the gastrointestinal tract of hu-
mans, mice, and rats, whereas the cells highly positive for
CFTRare limited to the duodenum and jejunum of humans
and rats. The highly positive cells may therefore represent a

previously unappreciated subclass of epithelial cells that ex-

press high levels of CFTRand have a specialized role in Cl-
secretion, or an alternative CFTRfunction. It should be noted
that highly positive cells of approximately the same frequency
have also been identified among the epithelial cells that line
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ciliated and collecting ducts of the bronchial submucosal
glands (24). It remains to be determined if these cells are func-
tionally similar.

Unexpectedly, expression of CFTRin the epithelial cells is
increased when the cells are in close approximation to lymph
nodules. As would be expected on the basis of Northern analy-
sis (4), CFTR signal was not detected in the lymph nodules
themselves, but in the epithelial cells that were adjacent to the
lymph nodules. It is possible that the epithelial cells overlying
lymph nodules are intrinsically different from those that are
not. Alternatively, a diffusible factor produced by the lymph
nodule may act to increase the rate of CFTRtranscription or
stabilize CFTRmRNAin the nearby epithelial cells. Several
exogenous factors, including cAMPanalogues (42), divalent
cations (43), phorbol esters (44), and estrus cycle specific fac-
tors (45), have been shown to regulate the level of CFTRex-
pression. Further studies are necessary to delineate the mecha-
nism underlying the increased CFTRexpression in these cells.

As shown here, CFTRis expressed in many digestive tract
organs that demonstrate, to a varying degree, pathology in CF
patients, including the pancreas, gallbladder, and small and
large intestines. Although CFTRmay perform additional func-
tions (46, 47), it is likely that the primary role of CFTRin the
digestive system is as a CP- channel. Studies ofthe pathophysiol-
ogy of CF indicate that proper CFTRfunction is of prime im-
portance in the hydration of secretions and may secondarily
affect secretion of HCO-, and perhaps other anions (48). Al-
though it is clear that environmental factors such as diet and
enzyme supplementation therapy influence the extent of pa-
thology in the gastrointestinal tract, the localization of CFTR
to epithelial cells, which play a crucial role in the modification
of digestive tract secretions, suggests that disruption of CFTR
function may be the direct cause of disease in these organs.
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