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Cystic fibrosis (CF), as Bals et al. discuss in the other Per-
spective in this issue (1), is one of the most thoroughly
understood genetic diseases. Thus it is frustrating that
CF lung disease has been refractory to the onslaught of
molecular/cellular research that has clarified so many
other aspects of CF. But after many false starts, recent
experiments are finally beginning to crack the shell of
ignorance that surrounds CF lung disease. A series of
innovative experiments, mainly from two laboratories,
has revealed fascinating new aspects of normal and CF
lung biology. Yet despite the care and resourcefulness of
each group, their findings generate sharply contrasting
views of CF lung disease that lead to opposite treatment
strategies! Fortunately, this controversy is generating
more light than heat and is illuminating the field to the
ultimate benefit of CF clinical care.

CF lung disease. Healthy airways are sterile below the
first bronchial division. Sterility is maintained, despite
constant challenge from viruses and bacteria in the 

air that we breathe, by 
an elaborate hierarchy of
defenses. Lung defenses
are understood only in
outline. The airway sur-
faces are covered with 
a thin film (∼ 30 µm) of
airway surface liquid
(ASL) consisting of a peri-
ciliary sol and a mucus
gel that are propelled
toward the mouth by
coordinated ciliary beat-
ing. Thus, mucociliary

clearance, aided by cough, cleans the airways mechani-
cally. The ASL is not simply saltwater, but is instead a
rich broth of proteases/antiproteases, oxidants/antiox-
idants, antibiotics, and antibodies that work together
to inactivate or destroy pathogens without undue col-
lateral damage to the lungs. These mucosal mecha-
nisms are backstopped by cellular immune mecha-
nisms involving dendritic cells (2), neutrophils, and
macrophages that are recruited and coordinated by sig-
naling molecules in the ASL.

Although the complex pulmonary defense system is
understood in outline, details are lacking because of tech-
nical impediments that, together with the lack of appro-
priate animal models, help to explain why we are still
struggling to understand CF lung disease. The pattern of
CF lung disease is unlike that of any other lung disease. In
CF, infections of the smaller airways are nearly universal,

difficult and eventually impossible to eradicate, and
almost invariably lethal. The types of organisms that most
bedevil CF patients, such as Pseudomonas aeruginosa or
Burkholderia cepacia, are innocuous in normal individuals
— to such an extent that they are being sprayed into the
environment for various biotechnical applications. Dis-
ease is most severe in the upper lobes and involves huge
infiltrations of neutrophils.

Functions of CFTR. As explained in more detail by Bals et
al., CFTR, the product of the gene that is defective in CF,
is a member of the ATP Binding Cassette (ABC) family.
ABC family members have diverse functions, including
ATP-dependent transmembrane pumping of larger mol-
ecules, regulation of other membrane transporters, and
ion conductance. CFTR displays at least two of these
functions. CFTR is an anion channel that uses the ener-
gy of ATP hydrolysis to transit through conducting and
non-conducting conformations. Ion channels are equal-
ly adept at allowing ions to flow either into or out of cells,
enabling the CFTR anion channel to play crucial roles in
both absorption and secretion. Thus the loss of CFTR-
mediated anion conductance explains a wide range of CF
symptoms, such as elevated sweat chloride (a defect in salt
absorption by the sweat ducts) and meconium ileus (a
defect in fluid secretion by intestinal crypt cells).

CFTR can also regulate other membrane proteins (3).
The most thoroughly documented regulatory role for
CFTR is its negative regulation of the amiloride-sensi-
tive epithelial Na+ channel (ENaC). CFTR decreases
ENaC’s open probability (Po) and reverses its usual
increases to elevations of [cAMP]i (4). When CFTR func-
tion is lost, the Na+ conductance is markedly increased
in CF human airways (5) and CF mouse nasal epithelia
(6), but apparently not in human sweat ducts (7).
CFTR’s channel and regulatory (8) functions require
that it be phosphorylated by various kinases, especially
cAMP-dependent protein kinase (PKA).

To summarize, CFTR is an anion channel and a chan-
nel regulator that plays multiple roles in epithelial trans-
port. Although other functions have been proposed for
CFTR, most present hypotheses of CF disease emphasize
CFTR’s roles in ion transport (Fig. 1).

From CFTR to lung disease. The vexing problem of explain-
ing CF lung disease using known properties of CFTR has
recently been energized by two innovative but sharply dif-
ferent hypotheses. Interestingly, both hypotheses consid-
er CFTR’s role in salt absorption to be primary. The high
salt hypothesis (9, 10) emphasizes CFTR’s function as an
anion channel. According to this hypothesis, missing or
defective CFTR causes reduced transepithelial Cl- con-
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ductance, and by analogy with the sweat duct (11, 12) this
allows salt levels in the ASL to remain at levels similar to
those in plasma. The high salt in the ASL interferes with
natural antibiotics such as defensins (13) and lysozyme.

In marked contrast, the low volume hypothesis (14) is
based on CFTR’s function as a regulator of other chan-
nels — in this case ENaC. According to this hypothesis,
both normal and CF ASL have plasma-like levels of salt.
CFTR mutations eliminate CFTR’s inhibition of ENaC,
and because there are significant shunt pathways for Cl–

in the airways, increased Na+ transport drives increased
absorption of Cl– and water. Thus CF airways display
accelerated isotonic fluid absorption that depletes ASL
volume and dehydrates mucus, leading to obstruction
and infection (15). 

How have these two disparate views arisen?
The high salt hypothesis. In a clever series of experiments,

Smith et al. (9) obtained airway epithelial cells from normal
and CF individuals and grew them on filters until they
formed monolayers of cells joined by tight junctions. Bac-
teria were then placed into the fluid covering the apical sur-
faces of the cultured cells. The dramatic finding was that
bacteria flourished in their cultures of CF airway cells, but
were killed by their cultures of normal cells! Bacteria placed
in the media bathing the basolateral surface of the cells
flourished for both kinds of cells, suggesting that normal
cultured airway cells produce apical factors that kill bacte-
ria. A further surprise occurred when the salt content of the
apical fluid was manipulated. Merely adding pure water to
the fluid from CF cells rendered it bactericidal; merely
adding salt (NaCl) to fluid from normal cells allowed bac-
teria to flourish! Smith et al. concluded that both normal
and CF airway epithelial cells liberate antibiotics into the
ASL, but in the ASL of CF cultures the antibiotics are ren-
dered ineffective by a higher salt concentration (9).

These findings galvanized the CF community. They cat-
apulted the field of mucosal defenses to the forefront of CF
research and provided an exciting new look at the question
of CF lung disease. They also posed a direct challenge to
the competing hypothesis of hyperabsorption by CF air-
ways, and helped provoke intense examination of how air-
ways produce and condition ASL.

Is salt higher in the apical fluid of CF epithelial cul-
tures relative to normal cultures, and if so why? Zabner
et al. (10) developed a radioisotopic method to measure
salt levels in the tiny volumes of surface fluid in their air
interface cultures. Apical fluid covering normal cells had
levels of Na+ and Cl– that were reduced by ∼ 2/3 relative
to the basolateral fluid, indicating a significant absorp-
tion of salt in excess of water; fluid volume was
unchanged. In contrast, apical fluid covering CF cells
was approximately twice as salty as normal.

The authors suggested that their results might be analo-
gous to failure of salt reabsorption in the CF sweat duct (9,
10), where 80%–90% of the salt is reabsorbed. The ability of
the ducts to absorb salt in excess of water is a remarkable
feature shared by few epithelia, because it requires that
charged ions permeate the epithelium more easily than
water. It is made possible in the sweat duct by its extremely
high electrolyte permeability — at 125 mS/cm2 it is among
the highest of any known epithelium (11) — and probably
by low membrane water permeability, although that has
not been measured. Normal ducts contain open CFTR and
ENaC channels to facilitate the transcellular movement of
NaCl. In CF sweat ducts, salt absorption fails because of a
loss of Cl– conductance (11, 12), secondary to the loss of
CFTR channels (e.g. 15). The ducts contain no other path-
way for Cl–, so that the transfer of a tiny proportion of Na+

ions out of the CF lumen produces a marked lumen nega-
tivity that prevents further Na+ movement.

Smith et al. propose that normal airways, like sweat ducts,
reabsorb salt in excess of water from the airway surface liq-
uid, thus producing a low salt content of ASL that is
required for normal bacterial killing by natural antibiotics,
(Fig. 2a). In CF this process is defective (9, 10) (Fig. 2b).

The low volume hypothesis. Based on elegant experiments,
Boucher and colleagues come to a markedly different con-
clusion (14). They also grew airway epithelial cell cultures on
filters, using procedures that produced well-differentiated
cultures. But they found no difference in either the salt con-
tent or the osmolarity of surface liquid from normal and CF
airway cultures, both of which were isosmotic relative to
basolateral fluid (Fig. 2c). Instead, the liquid layer in their CF
epithelial cultures became reduced in volume, and mucus
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Figure 1
CFTR’s multiple roles in fluid and electrolyte
transport. (a) Salt absorption. In the sweat
duct, high apical conductance for Na+ [1]
and Cl– [2] and relatively low water conduc-
tance allows salt to be reabsorbed in excess
of water [hypertonic absorption) leaving a
hypotonic luminal fluid. In the sweat duct
CFTR is the only available anion conductance
pathway, and when it is lost in CF the lumen
quickly becomes highly electronegative and
transport virtually ceases, resulting in high
(similar to plasma) luminal salt (b). Fluid
absorption. In epithelia with high water per-
meability [3] relative to electrolyte permeability water will absorbed osmotically with salt to decrease the volume of luminal fluid. If no other osmolytes or
forces are present, the salt concentration will remain unchanged. If water-retaining forces are present, permeant electrolytes can be reduced preferentially.
The consequences of eliminating CFTR depend on the magnitude of such forces, the relative magnitude of alternate pathways for transepithelial anion flow
[4], and how CFTR affects other ion channels. The high salt and low volume hypotheses differ on each of these points. (c) Anion-mediated fluid secretion.
Secreting epithelia lack a significant apical Na+ conductance. Basolateral transporters such as NKCC move Cl– uphill into the cell; it then flows passively into
the lumen via CFTR [5], K+ exits basolaterally, Na+ flows paracellularly [7] and water follows transcellularly [6]. Elimination of CFTR eliminates secretion.



movement was impeded. These findings fit with their exten-
sive evidence for Na+ hyperabsorption in CF epithelia, and
provide direct evidence for one of the earliest hypotheses to
explain CF lung disease, the “thick mucus” hypothesis.

Animal airways have a moderate osmotic water perme-
ability and express aquaporin channels in their basolater-
al membranes (16). Less is known about human airways.
Matsui et al. assayed the water permeability of their human
airway cultures by placing hypotonic phosphate-buffered
saline (PBS) onto the apical surface. They then measured
osmolality over time, as well as changes in the volume of
liquid at the surface and subsurface and the height of the
epithelial cell. The hypotonic fluid rapidly (∼ 10 min) equil-
ibrated to isotonicity and its volume decreased with a cor-
responding increase in the volume of the cellular and sub-
cellular compartments. MDCK cells, which have lower
water permeability (17), showed no evidence for volume
absorption. Additional experiments with cells on filters
and cells grown in hollow “biofibers” indicate that airway
cells grown in both ways absorb isotonic fluid, and that
this absorption is Na+ dependent because it stops when
Na+ is replaced with N-methyl-D-glucamine.

What happens in CF airways? The hypothesis is that lack
of CFTR inhibition of ENaC causes increased Na+ absorp-
tion, with Cl– following via shunt pathways and water flow-
ing transcellularly, leading to decreased volume (Fig. 2d).
In striking experiments, Matsui et al. demonstrate, for the
first time, the consequences of hyperabsorption in CF air-
way cultures. Starting with a 30 µm deep layer of ASL, they
observed a reduction to ∼ 10 µm over a 24-hour period,
with no increase in Cl– concentration. Their cultures
secrete mucus, and after addition of fluid approximately
30% of their cultures show regions of rotational mucus
transport. Mucus transport continued in normal cultures,
but stopped after 24 hours in CF cultures. Inspection of
the cultures with confocal and electron microscopy indi-
cated that depletion of the sol layer in CF cultures allowed
the mucus layer to collapse the cilia and stop transport

(14). If this happens in CF airways it should compromise
mucociliary clearance and promote infection (14).

What is going on? According to Lyman Beecher, the
respected minister, abolitionist, and father of Harriet
Beecher Stowe, “No great advance has been made in sci-
ence, politics or religion without controversy.” If
advances are proportional to the degree of controversy,
then CF research can anticipate a very great advance
indeed, because the opposing views of airway fluid pro-
cessing just reviewed could hardly differ more. How can
such disparate results have arisen?

Some differences could arise from methodology, e.g.,
smaller ASL volumes are required for low salt (10). But
each group used several different methods to gather evi-
dence, making it less likely that systematic errors occurred.
Instead, it seems more plausible that each group is accu-
rately measuring the properties of their cell cultures, but
that those properties differ. The cells giving high salt results
were mixtures of nasal, tracheal and bronchial cells used
8–45 days after seeding, with resistances [> 500m Ω × cm2

(9), or ≥] 800 Ω × cm2 (10). The cells giving low volume
results were bronchial cells used ∼ 28 days after seeding,
with resistances > 300 Ω × cm2 (14). Thus, although each
group has produced high quality epithelial cell cultures by
using variations of improved methods (e.g. 17), the basic
descriptive data are insufficient to allow the conclusion
that the cultures are comparable.

Of all the variables in these experiments, the cultured cells
are by far the most complex, with many possible features
that might differ. Cultured epithelial cells express different
degrees of water permeability (14, 17), CFTR expression (19)
and shunt resistance, and the proportions of different cell
types in these highly non-homogeneous cultures can also
differ. Such features profoundly affect epithelial transport
properties and the consequences of CFTR malfunction. For
example, inspection of Fig. 2b makes it clear that the low
volume hypothesis requires a non-CFTR pathway for tran-
scellular anion flow. The shunt pathway shown is paracel-
lular, but it could also include pathways through a differ-
ent cell type, as occurs in frog skin. If this shunt pathway is
large relative to the CFTR-mediated transcellular pathway
and equal in CF and normal tissues, then CF tissues will
absorb more because of higher ENaC activity. But if the
shunt pathway is small relative to the CFTR-mediated tran-
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Figure 2
Two hypotheses of how airway surface liquid (ASL) differs in healthy and CF
lungs. (a) The high salt hypothesis (9, 10) postulates that normal ASL has low
levels of salt as a result of salt absorption in excess of water (A1, left). Even
though the epithelium is water permeable, salt is retained in thin surface films
by some combination of surface tension (28) and impermeant osmolytes (10).
In CF (A2), salt is poorly absorbed resulting in excessively salty ASL that dis-
rupts natural mucosal antibiotics. Key features of the high salt model are: the
lack of an appreciable shunt Cl– conductance, central importance of CFTR’s
channel role, no specific role for inhibition of ENaC by CFTR, and a switch
from isotonic volume absorption to hypertonic salt absorption as the surface
layer thins and traps residual water. (b) The low volume hypothesis (14) pos-
tulates that normal ASL (B1) has salt levels approximately equal to plasma. In
CF (B2), the removal of CFTR’s inhibition of ENaC results in abnormally ele-
vated isotonic fluid absorption which depletes the ASL and leads to reduced
mucociliary clearance. Key features of the low volume model are the parallel
pathway for Cl– via shunt pathway(s) and inhibition of ENaC via CFTR.



scellular pathway in normal tissues, they are predicted to
absorb more than CF tissues (19). To continue this catalog
of possible differences, in epithelia with high water perme-
ability, maintenance of an osmotic gradient requires some
additional force. Zabner et al. suggest that surface tension
by some combination of cilia, mucus, or impermeant
osmolytes might provide the necessary balancing force (10),
but Matsui et al. provided data against a role for surface ten-
sion and did not find any evidence for osmolytes other than
NaCl (14). Thus, it will be important to determine if the cul-
tures differ with regard to water permeability, non-CFTR
anion shunts, mucus production, osmolyte secretion, and
ciliary beating.

What about the composition of ASL in actual human airways?
Of course, what we really want to know about is actual
airways. However, it isn’t yet feasible to do the necessary
experiments in vivo, which is why it is necessary to rely so
heavily on experiments with cultured cells. There is no
consensus on the ionic composition of normal and CF
ASL in spite of ∼ 6 studies cited in Zabner et al. (10) and
Matsui et al. (14), because the volume of fluid to be sam-
pled is tiny and is rapidly altered when disturbed. Only
one study so far has used microanalytical (and hence min-
imally disruptive) methods, and it found that normal ASL
had markedly lower NaCl and markedly higher K+ con-
centrations than plasma, with an elevation to plasma-like
concentrations in CF patients (20). On the other hand,
patients with pseudohypoaldosteronism have disabled
ENaC channels, and it was predicted that such patients
would have high salt in their ASL and as a consequence
show a CF-like disease (21). A preliminary report cited in
(14) shows that these patients produce an abundant, iso-
tonic ASL, and they do not appear to have a CF-like infec-
tious airways disease.

What about secretion? It is remarkable that the two
hypotheses of CF airway disease that dominate the present
research field are focused on defects in absorption. Most
symptoms of CF such as meconium ileus, loss of pancre-
atic function, degeneration of the vas deferens, thickened
cervical mucus, and failure of adrenergically mediated
sweating are attributed to CFTR’s role in Cl–-driven fluid
secretion (Fig 1c). In human lungs the highest levels of
CFTR occur in serous cells of submucosal glands (22) and
in scattered, non-ciliated surface cells in more distal air-
ways (23) that may also be serous-like. Gland serous cells
are abundant sources of bactericidal and antifungal com-
pounds that probably are important for mucosal defenses.
Animal (24) and cell culture models (25–27) of these poor-
ly accessible cells indicate that CFTR is critical for glandu-
lar fluid secretion driven by Cl– and HCO3

–, and predict
that the loss of gland function will exacerbate whatever
absorptive defect is eventually found.

The controversy about ASL composition has benefited
the CF community by focusing research onto the most
malign consequence of CF disease. It has reinforced the
need for scrupulous reporting of cell culture properties, for
continued development of better model systems, and for
novel approaches to in vivo measurements. It has empha-
sized that molecular/cellular methods are not sufficient for
understanding many human diseases — we neglect organ
system physiology at our peril. Finally, individuals directly
affected by CF can take comfort in the knowledge that the

insights produced by these studies are spawning a host of
innovative treatments for CF lung disease, including
increased use of inhaled antibiotics and renewed approach-
es to enhance CF lung clearance.
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