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The last few years have brought considerable progress toward
understanding the metabolic abnormality in cystic fibrosis
(CF),' principally because of advances in two different areas:
studies in several CF organ systems show decreased epithelial
chloride (Cl1) permeability, and the CF gene has been local-
ized to a small part of chromosome 7. In this article we will
focus on the cellular defect and describe some ofthe work that
has led to the current understanding of abnormalities in the
CF cell. There are several sources that describe the localization
of the CF gene by restriction fragment length polymorphisms
(1, 2).

Clinical aspects
CF is an autosomal recessive disorder, the most common
lethal genetic disease in Caucasians. The disease was initially
called cystic fibrosis of the pancreas because pancreatic failure
was a major clinical manifestation. However, with oral pancre-
atic enzyme replacement therapy, pancreatic failure has be-
come less of a problem, and respiratory disease is the major
cause of morbidity and mortality. Indeed, 95% of CF patients
die of respiratory failure. The lung disease develops because
thick, dehydrated mucus impairs airway mucociliary clearance
and predisposes the patient to recurrent bronchial infections.
CF airways show a particular propensity to colonization and
infection with the opportunistic bacterium Pseudomonas ae-
ruginosa. The recurrent infections and pneumonia progres-
sively destroy the lung and lead to respiratory failure. Abnor-
malities of sweat gland function were discovered early in the
history of the disease and led to the classical clinical test for
CF: an increased concentration of Cl- (and Na+) in the sweat.
Other affected organs include salivary glands (hypertrophy and
abnormal secretory function), intestine (meconium ileus), epi-
didymis (obstruction and maldevelopment), and liver (focal
biliary cirrhosis).

These clinical manifestations have been important in
guiding investigators to perform the basic research studies that
have increased our knowledge of the metabolic abnormalities.

Decreased epithelial chloride permeability in CF
Three organs classically involved in CF: sweat glands, airways,
and pancreas are each composed of epithelia. In CF, each of
these epithelia have a decreased anion permeability. These
observations provide the basis for a unifying hypothesis about
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1. Abbreviations used in this paper: CF, cystic fibrosis.

the cellular defect in epithelia and link basic research observa-
tions to the pathophysiology.

Sweat gland duct. The sweat gland is composed of two
regions, the secretory coil and the reabsorptive duct. Fig. 1
shows a schematic representation. The secretory coil produces
nearly isotonic sweat. Then, as the sweat passes up through the
water-impermeable duct, NaCl is absorbed and a hypotonic
fluid emerges at the surface of the skin. In the coil, active Cl-
transport drives fluid secretion; in the duct, active Na+ trans-
port drives electrolyte absorption. In each case the counter ion
appears to follow passively.

The clinical observation that C1- and Na' concentrations
are increased in CF sweat led Quinton and Bijman to examine
the ion transport properties of the sweat duct (3). They found
that both in vivo and in vitro CF sweat ducts had a higher
transepithelial electrical potential difference than normal
ducts. Isolated, perfused ducts from normal subjects had a
voltage of about -7 mV whereas ducts from CF patients had a
voltage of-76 mV (lumen voltage with respect to bath). When
the lumen Cl- (or NaCl) concentration was reduced in normal
ducts, lumen voltage became more negative; this finding indi-
cated that Cl- transport is electrically conductive. In contrast,
when the lumen C1- concentration was reduced in CF ducts,
transepithelial voltage became more positive (4, 5). These re-
sults indicate that CF sweat ducts have a decreased Cl- perme-
ability and suggest that the increased transepithelial voltage
results from an intact Na'-absorptive mechanism in the pres-
ence ofCl- impermeability. This abnormality also explains the
pathophysiology: because Cl- cannot follow active Na' ab-
sorption, net absorption is blocked and the NaCl concentra-
tion in the sweat increases.

Recent studies of transepithelial electrical conductance
confirm and extend the conclusion that the CF sweat duct is
Cl- impermeable (6, 7). Normal sweat ducts have a transepi-
thelial electrical conductance of - 100-125 mS/cm2, 90% of
which results from the Cl- conductance. Current data also
suggest that conductive Cl- flow is predominantly through the
cells (transcellular) rather than between the cells through the
tight junctions (paracellular).2 In contrast to normal ducts, CF
ducts have a conductance of 10-20 mS/cm2; Cl- conductance
is low or absent in CF, possibly because of an abnormality in
the intracellular regulatory events that lead to Cl- channel
opening. This explanation is consistent with recent prelimi-
nary work suggesting that CF sweat duct cells contain the same

2. The high value of conductance is in the same range as reported for
renal proximal tubules. It was originally unsuspected because of the
ability ofthe duct to generate large transepithelial voltages and osmotic
gradients, properties usually associated with low conductance epithe-
lia. Thus, the sweat duct would appear to be a high conductance
epithelium because ofa high conductance cellular pathway and a lower
conductance paracellular (tight junction) pathway. A similar situation
occurs in the submandibular duct but contrasts with the renal proxi-
mal tubule, where the paracellular pathway provides the high conduc-
tance.
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Figure 2. Schematic
representation of elec-

tIf( trolyte transport by air-
way epithelium.

Figure 1. Schematic
representation of elec-
trolyte transport by the
sweat gland.

number of Cl- channels as normal cells (8). However, sub-
stantial uncertainty remains about the mechanism and regula-
tion of ion transport by normal sweat duct cells, so it is not yet
possible to define the specific abnormality in CF.

Sweat gland secretory coil. Sato and Sato have shown that
the secretory coil ofCF sweat gland also transports electrolytes
abnormally (9). In normal sweat glands, either cholinergic or

fl-adrenergic agonists stimulates sweat production, although
P-adrenergic-induced sweat production is one-fifth the rate of
cholinergic-induced sweating. Methacholine stimulates similar
rates of sweat production in both normal and CF secretory
coil. In contrast, the (P-adrenergic agonist isoproterenol and
theophylline stimulate secretion in normal but not in CF
glands. The abnormality in fl-adrenergic regulation was ob-
served both in vivo and in vitro, and it does not appear to
result from an abnormal interaction between hormone and
receptor since isoproterenol-induced cAMP accumulation was

normal in CF coils. These results suggest a defect in the
cAMP-mediated regulation of Cl- secretion. At present it is
not clear whether f3-adrenergic agonists and muscarinic-cho-
linergic agonists stimulate different cells in the secretory coil,
different secretory mechanisms in the same cell, or the same

secretory mechanism via different second messenger path-
ways.

Thus, the sweat gland shows two abnormalities in CF: in
the duct, decreased Cl- transport inhibits fluid absorption; in
the secretory coil, decreased Cl- transport inhibits cAMP-me-
diated fluid secretion. Both abnormalities could be explained
by abnormal regulation of CI- transport.

Airway epithelia. Fig. 2 schematically represents the airway
epithelium. Transepithelial electrolyte transport controls the
quantity and composition of the respiratory tract fluid; thus, it

is important in effecting normal mucociliary clearance (10).
The epithelium can actively transport Cl- from the submuco-
sal to mucosal surface, thereby driving fluid secretion. The
epithelium can also actively absorb Nat, driving fluid in the
opposite direction. In both cases, the counter ion is thought to
move passively through the paracellular pathway. The relative
magnitude of the two active transport processes is determined
by the airway region under study and the neurohumoral envi-
ronment. Cl- secretion is acutely stimulated by agents such as

fl-adrenergic agonists and prostaglandins.
The clinical observation that CF airway secretions are thick

and dehydrated led Knowles and colleagues to study electro-
lyte transport by CF respiratory epithelium (1 1). They found
that in vivo the voltage across upper (nasal) and lower (tracheal

and bronchial) airway epithelia is higher in CF patients (-50
mV, lumen with respect to submucosa) than in normal sub-
jects or disease controls (-20 to -25 mV). This finding sug-
gested some defect in electrolyte transport. The results of sub-
sequent in vivo Cl- substitution studies (12) and the observa-
tion that transepithelial Cl- fluxes are decreased in excised
nasal polyps (13) indicate that CF airway epithelium is rela-
tively impermeable to Cl-.

Airway cells maintained in primary culture on permeable
supports retain the properties of the native epithelium. These
cultured cells develop tight junctions, polarize with the sub-
mucosal surface against the filter and the mucosal (lumenal)
surface facing the media, and retain the capacity for hormon-
ally stimulated transepithelial ion transport. Primary cultures
ofCF airway epithelium also retain the properties ofthe native
epithelium: they are Cl- impermeable and fail to secrete Cl-
when stimulated with isoproterenol (14-16). These results in-
dicate that the Cl- impermeability is an intrinsic property of
the epithelial cells and that a circulating "factor" is not the
cause of the ion transport defect. Intracellular microelectrode
measurements combined with ion substitutions localize the
CF Cl- impermeability to the cellular pathway and specifically
to the apical membrane (14, 17).

To understand the reason for the decreased apical mem-
brane Cl- permeability, investigators have applied the single-
channel patch-clamp technique to primary cultures of airway
cells. The patch clamp is a microelectrode technique in which
a high resistance seal is formed between a glass pipet and the
cell membrane (18). It thereby allows one to record the open-
ing and closing of single ion channels and measure the current
(ions) flowing through them. Airway cells studied with this
technique contain Cl- channels; the properties of these Cl-
channels indicate that they are responsible for the hormonally
sensitive apical membrane Cl- permeability (19, 20). In
recordings from cell-attached patches (in which the membrane
under the pipet is still attached to the cell), isoproterenol,
which increases cellular levels of cAMP, opened Cl- channels
in normal cells. Importantly, isoproterenol failed to open C1-
channels in CF cells (20, 21).

The failure of beta agonists to open Cl- channels in CF
cells does not result from the absence of Cl- channels; we
know that CF cells contain Cl- channels and that these chan-
nels have conductive properties identical to those of normal
cells since Cl- channels in CF cells as well as normal cells open
spontaneously when patches of membrane are excised from
the cell (21). Cl- channels in CF cells can also be induced to
open while attached to the cell by a manipulation of cell Ca".
The Ca++-ionophore A-23187 added to the bath solution of
CF cells induces Cl- secretion and Cl- channel opening, even
though cytosolic Ca"+ does not appear to be a primary regula-
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tor of the C1- channel (20, 22). Abnormal regulation of C1-
channels does not appear to result from a defective interaction
between hormone and receptor: the secretagogue isoproterenol
increases cellular levels of cAMP appropriately in CF airway
cells and addition of secretagogue opens a Ca"+-activated K+
channel in CF cells (21). Even when the receptor is bypassed
by addition of 8-bromo-cAMP or forskolin, CF Cl- channels
fail to open. Because the effects of cAMP result from the acti-
vation of a cAMP-dependent protein kinase in a variety of
cells, we asked whether the cAMP kinase could directly acti-
vate the C1- channel. Purified catalytic subunit of cAMP-de-
pendent protein kinase, added to the cytosolic surface of ex-
cised, cell-free patches, opened Cl- channels from normal
cells, but failed to open C1- channels from CF cells (unpub-
lished observations).

These studies clearly point to defective regulation of C1-
channels in CF airway cells. But where does the defect lie?
There are several possibilities: an abnormal regulatory site on
the Cl- channel (or channel complex), an abnormal interac-
tion between the cAMP regulatory pathway and the channel,
or a defect in some other pathway that also regulates the Cl-
channel.

Increased sodium absorption in CF airway epithelia. The
increased transepithelial voltage in CF airway epithelia and the
dehydrated airway secretions raise the possibility that Na' ab-
sorption might also be abnormal in CF. In excised, short-cir-
cuited nasal epithelium, the rate of active Na' absorption in
CF epithelium averages twice the rate in non-CF epithelium
(23). Of greater interest, ,B-adrenergic agonists and forskolin,
both of which increase cellular concentrations ofcAMP, stim-
ulate Na+ absorption in CF epithelia. The opposite is found in
normal epithelia: cAMP either does not change or decreases
the rate of Na+ absorption (10). What explains this paradoxic
regulation ofNa+ absorption in CF? It may be a direct result of
the genetic abnormality or it may be secondary to the de-
creased Cl- conductance. cAMP also paradoxically stimulates
Na+ absorption when Cl- conductance is decreased in normal
canine airways by bathing them in Cl--free media (24).

Pancreas. The clinical observation that CF patients de-
velop pancreatic failure led to studies of ion transport function
in that organ. To date the most important studies have been
conducted in vivo because the pancreatic architecture is com-
plex and viable CF pancreas is difficult to obtain for in vitro
studies. Kopelman and colleagues (25) studied pancreatic se-
cretions from CF patients before total organ failure developed
and studied control subjects with similar levels of pancreatic
acinar function. They found higher concentrations of protein
in CF secretions than in control secretions. The difference
results from a decreased rate of fluid secretion from CF pan-
creas at all levels of pancreatic function. Because anion secre-
tion appears to be important in the production of pancreatic
fluid, the results suggest that anion secretion is decreased in the
CF pancreas.

Thus, CF pancreas may have an anion secretory abnormal-
ity similar to that observed in CF airways and CF sweat gland
secretory coil. Defective anion secretion would also explain the
pathology ofCF pancreatic disease: dehydrated secretions ob-
struct the ducts and eventually destroy the gland.

Abnormal protein secretion and accumulation in CF epi-
thelia. The conclusion that CF involves a defect in a postre-
ceptor regulatory step is supported by two other observations
in epithelia. In CF submandibular acinar cells, f3-adrenergic
receptor stimulation produces less secretion of amylase and

mucin than in normal glands, even though cAMP accumula-
tion is normal (26). In CF sweat glands ,B-adrenergic receptor
stimulation of serine protease accumulation is decreased (27).

Other abnormalities
Although numerous other abnormalities have been observed
in CF, it is difficult to know whether they are a direct result of
the genetic defect or a secondary effect of the disease. It has
also been difficult to tie together disparate observations into a
unifying hypothesis about the basic defect. These uncertainties
point to the fact that we still do not completely understand the
basic abnormality. We will not try to list the numerous abnor-
malities; we would certainly miss some important points and it
is difficult to rank them by priority. Nor will we try to con-
strain the observations into some general or unifying hypoth-
esis; given our current knowledge it would appear to be artifi-
cial and awkward. However, we will address a few recent ob-
servations.

Two serum protein abnormalities in CF have attracted at-
tention. One abnormality has been described in the pattern of
proteins in CF serum separated by isoelectric focusing on poly-
acrylamide thin layers (28). Researchers find a doublet band
with pI of 8.41 in CF serum. This cationic protein has a low
molecular mass (1 1,000-13,700 D) and appears as a complex
with IgG in serum. Although the protein has been called "CF
protein" or "CF antigen," this is somewhat of a misnomer
because it is present at low concentrations in the serum of
some normal individuals and is a product of several normal
and CF cell types. Using an antiserum against CF protein,
some investigators have been able to distinguish homozygotes
from heterozygotes and normals (29). Using somatic cell hy-
brids, van Heyningen and co-workers (30) mapped the CF
protein to chromosome 1. Because the CF gene has been as-
signed to chromosome 7, accumulation ofCF protein is likely
not to be the direct result of the genetic mutation. The pre-
dicted sequence of the CF protein, obtained by complemen-
tary DNA cloning (31), has been compared with other protein
sequences and found to be significantly homologous (43%
identity over a stretch of 72 amino acids), with a bovine S100a
subunit ofbrain-associated calcium-binding protein and its pig
and rat homologues. Another serum abnormality that has
been observed is the underglycosylation ofCF IgG with respect
to galactose and sialic acid (32).

One possible way of tying these two serum protein abnor-
malities together and possibly relating them to other findings,
such as defective regulation of Cl- channels, is to suggest that
the involved proteins share a common step in posttransla-
tional processing, which is defective in CF. A defect in post-
translational processing could account for the variety of de-
fects observed in CF; it could produce a defect in the function
of regulatory or membrane proteins, such as channels; it could
also produce abnormalities in other cellular or serum proteins.
I-cell disease is an example of a disease in which defective
posttranslational modification of a glycoprotein increases ex-
tracellular levels ofan otherwise intracellular protein (33). The
possibility that posttranslational glycosylation is abnormal in
CF has received some support from the observation that the
fucose to sialic acid ratio in membrane glycoproteins is de-
creased in CF skin fibroblasts (34).

Conclusion
We have described how clinical observations of CF led inves-
tigators to the basic research laboratory and particularly to the
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study of CF epithelia. Studies of epithelia led to a unifying
hypothesis about the physiologic defect: several CF epithelia
are C- impermeable. CF airway epithelia, sweat gland secre-
tory coils, and probably pancreas have decreased C- secretion;
CF sweat gland ducts have decreased Cl- absorption. In airway
epithelia, the abnormality has been localized to defective regu-
lation of an apical membrane Cl- channel. Defective regula-
tion of Cl- channels in the other involved epithelia would also
explain the abnormalities. The defect appears to lie close to the
channel, either in the channel itself or in a regulatory pathway
controlling the channel. These abnormalities in electrolyte
transport provide a plausible explanation for the major clinical
manifestations of CF: the dehydrated obstructing secretions
that lead to organ destruction.

How do these findings in epithelia fit together with other
abnormalities in CF? It is difficult to know. There are sugges-
tions that the sequence of the CF gene may appear very soon.
At that time the function of the gene product may be immedi-
ately apparent, or we may still have to discover how the genetic
defect produces the pathophysiology. In either case, we must
be ready to apply this knowledge at the point where the inquiry
began, at the bedside and care of patients.
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