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Abstract

 

To test whether a major contribution of airways epithelial

ion transport to lung defense reflects the regulation of air-

way surface liquid (ASL) ionic composition, we measured

ASL composition using the filter paper technique. On nasal

surfaces, the Cl

 

2

 

 concentration (

 

z

 

 125 meq/liter) was similar

to plasma, but the Na

 

1

 

 concentration (

 

z

 

 110 meq/liter) was

below plasma, and K

 

1

 

 concentration (

 

z

 

 30 meq/liter) above

plasma. The resting ASL osmolarity [2(Na

 

1

 

 

 

1

 

 K

 

1

 

); 277

meq/liter] approximated isotonicity. There were no detect-

able differences between cystic fibrosis (CF) and normal

subjects. In the lower airways, the Na

 

1

 

 concentrations were

80–85 meq/liter, K

 

1

 

 levels 

 

z 

 

15 meq/liter, and Cl

 

2

 

 concen-

trations 75–80 meq/liter. Measurements of Na

 

1

 

 activity with

Na

 

1

 

-selective electrodes and osmolality with freezing point

depression yielded values consistent with the monovalent

cation measurements. Like the nasal surfaces, no differ-

ences in cations were detected between CF, normal, or

chronic bronchitis subjects. The tracheobronchial ASL hy-

potonicity was hypothesized to reflect collection-induced

gland secretion, a speculation consistent with observations

in which induction of nasal gland secretion produced hypo-

tonic secretions. We conclude that there are no significant

differences in ASL ion concentrations between CF, normal,

and chronic bronchitis subjects and, because ASL ion con-

centrations exceed values consistent with defensin activity,

the failure of CF lung defense may reflect predominantly

factors other than salt-dependent defensins. (

 

J. Clin. Invest.

 

1997. 100:2588–2595.) Key words: airway surface liquid de-

fensins 

 

•

 

 airway epithelia 

 

•

 

 filter paper 

 

•

 

 gland secretions 

 

•

 

CF ion composition

 

Introduction

 

The surface of the conducting airways is covered by a liquid
that contains mucin macromolecules, electrolytes, and water.

This airway surface liquid (ASL)

 

1

 

 is thought to be organized
into two components: a mucus layer and a periciliary liquid
layer (1). The interaction of cilia with ASL promotes continu-
ous clearance of inhaled foreign materials from the lung, which
is believed to be a key lung defense mechanism (2).

It is not yet clear how the ion transport properties of the
cells lining the airway surface contribute to lung defense. Be-
cause ion and water transport are difficult to measure in vivo,
regulation of epithelial ion and water transport across the con-
ducting airways has largely been inferred from studies of
freshly excised airway epithelia in vitro or cultured epithelial
cells (1, 3). One view suggests that airway epithelial ion trans-
port promotes effective mucociliary clearance by regulating
both the volume and ionic composition of ASL (4, 5). This
view proposes that the failure of cystic fibrosis (CF) lung de-
fense reflects, in part, accelerated volume absorption of an iso-
tonic fluid from airway surfaces (6), impairing lung defense by
slowing mucociliary clearance. In contrast, a view emphasizing
the role for the ionic strength of ASL in lung defense has been
proposed (7, 8). This view suggests that airway epithelia regu-
late the ionic composition but not the volume of ASL (7, 8). A
recent study reported a raised concentration of Cl

 

2

 

 in nasal
surface liquid of CF as compared with normal subjects, and
proposed that the failed lung defense in CF reflected the inhib-
itory effect of raised Cl

 

2

 

 concentrations on antibacterial fac-
tors in CF airways (9).

A key point discriminating between these two views of the
relationship of ASL to airways defense is the ionic composi-
tion of ASL of both normal and CF subjects. In this study, we
used carefully calibrated techniques to measure under basal
conditions the ionic concentration of the ASL lining the nasal
mucosa of normal individuals and subjects with CF. Because a
major role for cystic fibrosis transmembrane conductance reg-
ulator (CFTR) in gland function has been inferred from in situ
hybridization studies localizing CFTR in the lung to gland
acini (10), we also tried to define the contribution of glandular
secretion to ASL composition. Finally, we extended these
measurements to the basal ASL ion concentrations in bronchi
of normal subjects, noninfected CF patients, and disease con-
trol (chronic bronchitis) subjects.

 

Methods

 

Subjects

 

Normal.

 

For nasal protocols, we studied a cohort of eight normal
subjects (three female, five male; age 32.1

 

6

 

2.6 yr) with no history of
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Abbreviations used in this paper:

 

 ALI, air–liquid interface; ASL,
airway surface liquid; CB, chronic bronchitis; CF, cystic fibrosis;
CFTR, cystic fibrosis transmembrane conductance regulator; DDH

 

2

 

O,
double-distilled, deionized H

 

2

 

O.
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chronic rhinitis and no acute nasal symptoms for at least 2 wk. None
took any chronic medication. For each protocol, subjects were stud-
ied on separate days. For bronchial surface liquid studies with filter
papers and the Na

 

1

 

 electrode, we studied 15 normal subjects (seven
female, eight male; mean age 25.9

 

6

 

1.2 yr). These subjects exhibited
no chronic respiratory symptoms and no acute respiratory illness for
at least 2 wk; none took any chronic medication.

 

CF.

 

Nasal protocols included nine CF patients (four female, five
male; mean age 26.9

 

6

 

2.1 yr) with no acute nasal symptoms for at
least 2 wk. None took chronic nasal medication. For each protocol,
subjects were studied on separate days. For bronchial surface liquid,
we analyzed filter paper samples from bronchoscopies in nine newly
diagnosed CF patients (six female, three male; mean age 1.2

 

6

 

0.3 yr)
who had no evidence of lower airway infection by quantitative bacte-
riology (

 

,

 

 10,000 cfu of pathogenic bacteria) in bronchial lavage. All
CF patients had diagnostic sweat Cl

 

2

 

 concentrations.

 

Chronic bronchitis.

 

For the bronchial ASL measurements, we
studied nine patients (six female, three male; mean age 38.3

 

6

 

2.8 yr)
with a history of cigarette-induced chronic bronchitis, but no acute
change in pulmonary symptoms for at least 1 mo. None were taking
inhaled or systemic steroids or oral bronchodilators. Inhaled bron-
chodilators were held for at least 12 h before bronchoscopy.

 

Filter paper studies

 

Filter papers.

 

Filter paper pledgets were cut from Whatman 541
hardened ashless paper (Clifton, NJ). Individual papers for the nasal
studies were 

 

z 

 

4 cm in length and 5 mm in width. The papers were
washed trebly in double-distilled, deionized water (DDH

 

2

 

O) and
dried in an oven overnight and then stored. Papers were folded in
half width-wise, and weighed on the day used (just before sampling).
For sampling, the end of the paper was grasped in a hemostat and po-
sitioned as a “V” laterally under the inferior turbinate for 20 s. For
the adult bronchial studies, the filter papers were prepared in the
same manner, but five papers (

 

z 

 

2–3 cm 

 

3

 

 2–3 mm) were loaded into
biopsy forceps as previously described (11, 12). For the pediatric CF
bronchial samples, three filter papers (

 

z 

 

2 cm 

 

3

 

 1 mm) were used.

 

Weighing filter paper samples.

 

The first measurement of the weight
of samples collected on filter papers was made 

 

z 

 

15 s after removal
from the subject, and serial measurements were made over the next
90 s (model No. 27; Cahn Electronic Balance, Cerritos, CA). A re-
gression line was fit from these points and extrapolated to time zero
to determine an initial weight as previously described (11, 12). To es-
timate the accuracy of weighing filter paper samples, and control for
evaporative water loss during transfer of the sample from the patient
to the electronic balance, we added a known amount (

 

z 

 

10 

 

m

 

l) of sa-
line (150 meq/liter NaCl) to the filter paper, and then transferred the
sample to the balance as the nasal samples were handled. The loss of
weight during transfer of the filter paper to the balance and the first
weight measurement (

 

z 

 

15 s) was 3.1

 

6

 

1.2% (

 

n

 

 

 

5

 

 6). Back extrapola-
tion from serial weighing projected an initial weight that was
99.5

 

6

 

1.2% of the volume added to the filter paper at time zero. We
also measured the change in weight of filter paper exposed to the
high humidity of the lower airways before the dry filter paper was
touched to the airway surface. We noted a small weight gain over 30 s
in the tracheal lumen (0.18

 

6

 

0.06 mg; 

 

n

 

 

 

5

 

 4; 

 

z 

 

1% of the mean sam-
ple weight), and a similar increase (0.29

 

6

 

0.01 mg; 

 

n

 

 

 

5

 

 6) in the
mouth over 30 s during slow exhalation through tightly pursed lips.

 

Extraction.

 

After weighing, filter papers and aluminum-weighing
pans were placed in acid-washed plastic vials. For ion analyses, 1 ml
of DDH

 

2

 

O was added to each specimen, and the vials were shaken on
a gyrotory shaker (model G2, at 4

 

8

 

C; Vendor, Edison, NJ) for at least
24 h. For analyses for albumin and osmolarity, filter papers were
eluted overnight in 200 

 

m

 

l of DDH

 

2

 

O. For ion analyses, the solution
in the vials was transferred to acid-washed volumetric tubes (2 ml)
and 0.5 ml of 0.2 N HNO

 

3

 

 was added to the vial. The paper was
stirred and then “wrung out” with forceps to remove the liquid. This
liquid was added to the volumetric tube. The maneuver was repeated
and the extract was brought up to 2 ml with 0.2 N HNO

 

3

 

. We tested

the efficiency of extraction from filter papers of ion solutions of
known composition. Solutions (10 and 25 

 

m

 

l) with known composi-
tion (Na

 

1

 

 

 

5

 

 145.9 mM, Cl

 

2

 

 

 

5

 

 134.8, K

 

1

 

 

 

5

 

 3.1 mM) were applied to
filter papers and the papers were carried through the extraction and
ion analysis protocol. The extraction efficiency from five experiments
with each volume (10 and 25 

 

m

 

l) was similar, and mean recovery of
each ion exceeded 99% as compared with the concentration of ions
pipetted directly into aluminum pans.

 

Ionic analysis.

 

Chloride was measured with a digital chloridome-
ter (model 442-5000; Labconco, Kansas City, MO) as previously de-
scribed (13). To prepare for titration, 1 ml of the 2-ml extract was
added to a solution of 1 ml DDH

 

2

 

O, 2 ml of Labconco acid reagent,
0.2 ml of glacial acetic acid, and two drops of indicator. Standards of
known Cl

 

2

 

 concentration (0, 20, 40, 60, 80, 100, 200, 300, 500, 1,000,
and 2,000 

 

m

 

eq/liter) were prepared with the same reagent indicator
solution. Values for blanks (1 ml of 0.2 N HNO

 

3

 

; 

 

,

 

 4% of the value
for any specimen) were subtracted to yield final sample value. The
standard curve for Cl

 

2

 

 concentration was linear from 100 to 2,000

 

m

 

eq/liter, and hyperbolic from 0 to 100 

 

m

 

eq/liter. Na

 

1

 

 and K

 

1

 

 in the
remaining 1 ml of extract were measured with a flame photometer
(model 51 ca; Perkin-Elmer Corp., Norwalk, CT) as previously de-
scribed (13). Standard curves for K

 

1

 

 were linear over a wide range of
concentration (20 to 2,000 

 

m

 

eq/liter), whereas the relationships for
Na

 

1

 

 were curvilinear (0 to 2,000 

 

m

 

eq/liter). We estimate a limit of de-
tection for Cl

 

2

 

 and K

 

1

 

 of 

 

z

 

 500 and 20 neq, respectively. These limits
correspond to 

 

z 

 

2.5 

 

m

 

l of a 100 mM NaCl solution and 

 

z

 

 1 

 

m

 

l of a so-
lution with 25 meq/liter K

 

1

 

. Accordingly, specimens 

 

,

 

 3 

 

m

 

l (i.e., 3
mg) were not analyzed. Because our analyses routinely underesti-
mated the nominal Na

 

1

 

 and Cl

 

2

 

 concentrations of physiologic salt so-
lutions (e.g., media, Ringer’s solution) by an average of 6%, we ap-
plied this correction to all specimens. The correction did not change
the pattern of ion composition of airway liquid from any subject pop-
ulation, or comparisons among populations, but tended to bring esti-
mated osmolarities for basal nasal specimens close to isosmolarity.

 

Protein and osmolarity analysis.

 

Albumin was determined by ra-
dioimmunoassay (13), and osmolality was measured by freezing point
depression (Osmette, model 2007; Precision Systems, Sudbury, MA),
as previously described (13).

 

Analysis of [Na

 

1

 

] in airway surface liquid with
Na

 

1

 

-selective electrodes

 

Na

 

1

 

-selective glass electrodes (

 

'

 

MI-420; selectivity Na

 

1

 

 over K

 

1

 

1000:1; Microelectrodes, Inc., Londonderry, NH) were used, coupled
to a reference electrode (5.0 silk thread), and saturated with 100 mM
KCl. The output (mV) of the Na

 

1

 

 electrode was determined in four
NaCl solutions (25.6, 77, 154, and 256 mM). A standard curve was
generated before each study, and repeated immediately after each
study. A semilog plot yielded a mean slope of 53.0

 

6

 

0.9 mV per de-
cade change in Na

 

1

 

 activity at 34

 

8

 

C. Surface liquid [Na

 

1

 

] on airways
was assayed in anesthetized dogs. After anesthesia with parenteral
pentobarbital (25 mg/kg) and intubation with a shortened endotra-
cheal tube, the Na

 

1

 

 and reference electrodes (housed in a protective
catheter) were passed transbronchoscopically into the lower airways
and touched lightly to the distal tracheal surface until a stable mea-
surement was obtained for 10–15 s at two to four different sites.

 

Canine epithelial cell cultures

 

To estimate the potential damage induced by placement of filter pa-
pers on epithelial surfaces, and potential artifacts generated by this
effect and/or sampling of cellular ionic contents due to adherence of
epithelial cells to the filter paper, a series of studies was performed in
air–liquid interface (ALI) cultures. Dog tracheal cells were cultured
to confluence on 24-mm Transwell Col supports, and exposed to an
ALI to allow development of a well-differentiated phenotype (3–4
wk after seeding) (14, 15). The ALI epithelial preparations were
equilibrated with lumenal media (500 

 

m

 

l) containing (in meq/liter)
Na

 

1

 

 

 

5

 

 132, Cl

 

2

 

 

 

5

 

 120, and K

 

1

 

 

 

5

 

 5.8, and measurements of transepi-
thelial resistance (

 

R

 

t

 

) made (EVO-M; World Precision Instruments,
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Sarasota, FL), after which excess fluid was gently removed. 4 h later,
ASL was sampled. Surface liquid was aspirated directly from some
cultures using a micropipette for measurements of ion concentration.
Surface liquid was sampled from other cultures with filter paper ap-
plied to the surface for 20 s. Measurements of transepithelial resis-
tance (

 

R

 

t

 

) were repeated after sampling by aspiration or filter paper.

 

Human protocols

 

Studies of solution recovery.

 

For studies of the accuracy of the sam-
pling and measurement techniques, Atrovent (168 

 

m

 

g in 150 mM
NaCl) was applied topically (spray) to the nasal mucosa in each nos-
tril to inhibit secretion (16, 17). After 30–60 min, Atrovent-pretreated
nasal surfaces were sprayed under direct vision (six sprays; 0.25 ml
per spray) with saline (150 mM NaCl) in each nostril, and the mucosal
surface liquid was sampled immediately with filter papers (

 

z 

 

15–30 s
later).

Baseline nasal ASL collections. Each nostril was completely oc-
cluded with a polyethylene plug to minimize evaporative water loss
from nasal surfaces before sampling after defined times (5, 10, 20
min) to determine the time required to reach steady-state equilibra-
tion of electrolytes. Because 10 min of occlusion was found to be re-
quired for equilibration of ASL (see Results), this time (10 min) was
used for most protocols. To obtain samples of basal surface liquid, the
plug was removed and filter paper was gently placed under direct vi-
sion on the nasal surface in a region that allowed contact with liquid
on the inferior surface of the inferior turbinate and the floor. The fil-
ter paper was left in place for 20 s and then removed and weighed as
described above.

Gland contribution to nasal ASL composition. The gland secre-
tion was stimulated without adding a drug/vehicle directly to the na-
sal surfaces by occluding the nasal passages with plugs for 10 min and
then having subjects chew hot chili peppers, a maneuver that has
been shown to induce a glandular reflex secretion in the nasal mu-
cosa, for 5 min (18). Surface liquid was sampled from nostrils after
the chili pepper gustation.

Lower airway protocols. (a) Normal subjects and patients with
chronic bronchitis: after topical anesthesia of the nose (viscous
lidocaine, 2%), the throat was anesthetized with topical lidocaine
(1%) with the patient in the Trendelenburg position. Normal subjects
undergoing filter paper sampling received atropine (0.6 mg I.M.; n 5
6) or no atropine (n 5 5); there was no difference in volume (wt) or
electrolyte composition of ASL samples obtained with or without at-
ropine, and data were grouped for presentation. After parenteral se-
dation (meperidine, 25–150 mg; 6midazolam, 2–10 mg), a fiberoptic
bronchoscope was introduced into the lower airways, and pretared
filter paper strips held by standard biopsy forceps housed in a protec-
tive catheter were placed transbronchoscopically onto the mucosal
surface for 20 s as previously described (11, 12). The filter papers with
sampled ASL were withdrawn into the catheter, removed from the
broncoscope, and immediately weighed to determine volume of sam-
ple. Two to five filter paper samples were obtained from the main-
stem and lobar bronchus, and one to two samples from distal trachea,
of each subject, and samples were processed as described above. For
studies with the Na1-selective electrode in normal subjects, topical
anesthesia and sedation without atropine were performed as for filter
paper studies. The Na1 and reference electrodes were housed in a
protective catheter and passed transbronchoscopically into the lower
airways (as above), and held lightly against the airway surface of the
mainstem or lobar bronchus until a stable measurement was obtained
for 10–15 s at two to five different sites. (b) Cystic fibrosis: these pa-
tients were bronchoscoped shortly after the diagnosis of CF to define
the infection status of the lower airways. The filter paper samples
were obtained under a research protocol coupled to the clinically in-
dicated bronchoscopy. After topical anesthesia of the nose (viscous
lidocaine), the throat was anesthetized with topical lidocaine (2%;
1 ml) with the patient in the Trendelenberg position. After parenteral
sedation (meperidine, 1–2 mg/kg; midazolam, 0.005–0.015 mg/kg),
pretared filter papers held by biopsy forceps housed in a protective

catheter were placed onto the mucosal surface of the mainstem bron-
chus for 20 s. The filter papers with ASL were withdrawn into the
catheter, removed, and sample weighed and processed as described.
After this maneuver, a 20-ml bronchoalveolar lavage was performed
for quantitative bacterial colony counts (19).

Statistical analysis

Nasal surface liquid electrolyte concentrations from each nostril of an
individual, and multiple bronchial values for an individual, were aver-
aged to give a value per subject for each electrolyte; study cohort
mean values were derived from data per study subject. The difference
between study cohorts was tested by nonpaired t test. The response to
gustatory submucosal gland stimulation within each study population
was not normally distributed, and the change from baseline was
tested by Wilcoxon sign rank (paired test). A P value , 0.05 was con-
sidered significant. The relationship between estimated osmolarity of
bronchial surface liquid and size of sample was assessed by linear re-
gression plot (Figure P®; Biosoft, Cambridge, United Kingdom). All
human protocols were approved by the UNC Human Rights Com-
mittee (IRB), and informed consent obtained. All animal protocols
were approved by the International Animal Care and Use Committee.

Results

Controls for sampling, weighing, elution, and ion 
concentration measurements

Recovery of a defined electrolyte solution added to the nasal

mucosa in vivo. Because the ion concentrations in nasal sur-
face liquid are quite different from those of plasma (see be-
low), we evaluated the accuracy of our technique by measuring
the concentration of ions in a defined solution deposited on
the nasal surface. After Atrovent pretreatment to inhibit gland
secretion, nasal surfaces were sprayed with a 150-mM NaCl so-
lution (1.5 ml), using an atomizer spray. Ionic concentrations
of surface liquid sampled immediately (z 15–30 s after nasal
spray) approximated those of the saline spray (Fig. 1) for both
normal and CF subjects. These data strongly suggest that the
sampling and elution protocols accurately measure the compo-
sition of the solution on the nasal surface.

ASL sampled by aspiration or filter paper from the surface

of cultured canine epithelia. The ALI epithelial cultures (n 5
6) were equilibrated with lumenal media (500 ml) containing

Figure 1. Ionic composition and estimated osmolarity of liquid on na-
sal surfaces of normal subjects (n 5 6; open bars) and CF patients
(n 5 5; solid bars) after nasal spray with isosmotic NaCl (150 meq/
liter). The estimated osmolarity [sum of cation concentrations, i.e., 
2(Na1 1 K1)] is expressed in meq/liter.
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(in meq/liter) Na1 5 132, Cl2 5 120, and K1 5 5.8, and mea-
surements of Vt and Rt made, following which excess fluid was
gently aspirated. 4 h later, ASL was sampled. Liquid sampled
by direct sampling techniques revealed concentrations (in
meq/liter) of Na1 equal to 12463, Cl2 concentrations of
12567, and K1 concentrations of 11.264.6. Surface liquid re-
covered from the cultured epithelial cells with filter paper re-
vealed concentrations (in meq/liter) of Na1 of 125611, Cl2

10466, K1 5.761.6. The electrical resistance of cultures before
and after direct and filter paper sampling were (in V.cm2) pre
427642, post 439632; pre 426625, post 370628, respectively.

Nasal ASL electrolyte concentrations

Basal conditions. Preliminary experiments demonstrated that
the variability of the electrolyte concentrations and the volume
of liquid sampled from nasal surfaces increased until the occlu-
sion time approached 10 min; values at 20 min were no differ-
ent in magnitude or variability than at 10 min. At 10 min, the
weights collected by filter paper from normal (18.062.2 mg)
and CF subjects (24.063.8 mg) were not different. The compo-
sition of ASL from normal subjects was characterized by a
mean Na1 concentration z 25% below those of plasma,
whereas the K1 concentration was more than fivefold greater
than plasma (Fig. 2). The concentration of Cl2 was slightly
higher than that of plasma and the calculated “anion gap,” i.e.,
(Na11K1-Cl2), an estimate of the putative HCO3

2 concentra-
tion, was less (z 8–12 meq/liter) than the concentration of
HCO3

2 in plasma. We multiplied the sum of cation concentra-
tions (Na1 1 K1) by two to estimate osmolarity, and nasal
surface liquid was close to isotonic (estimated z 277 mOsm/
liter) with plasma (z 285 mOsm/liter). Importantly, the mean
ionic composition of samples from CF and normal subjects
were not different for any ion.

Stimulation of nasal gland secretion. The ionic composition
and sample weight of surface liquid for normal and CF sub-
jects after stimulation of gland secretion with chili peppers
were compared with paired basal values (Fig. 3). For normal
subjects, the weight (volume) of secretions collected (20 s) in-
creased approximately threefold after stimulation. Compared
to the basal composition, there were small decreases in the

concentration of Na1, Cl2, and K1, and a z 40 meq/liter de-
crease in estimated [2(Na1 1 K1)] osmolarity, suggesting that
a hypotonic solution was secreted from glands.

The ionic composition of nasal surface liquid from CF sub-
jects followed the same pattern as identified in normals (Fig. 3
B). Wet weights rose more than twofold after chili pepper
stimulation. Like nasal surface liquid from normals, there was
a decrease in the concentration of Na1, Cl2, and K1, and a z 30
meq/liter decrease in estimated osmolarity after stimulation.

Lower airway surface liquid compositions

Basal ASL values. The ionic composition of bronchial ASL
from 11 normal subjects (compare Fig. 4 A with Fig. 2) differs
substantially from the nasal cavity. The concentration of Na1

in bronchial surface liquids was z 15% lower than in nasal sur-
face liquid and z 35% lower than plasma, and the concentra-
tion of Cl2 in bronchial surface liquids was substantially lower
than the concentration in either nasal surface liquids or
plasma. Like nasal liquid, bronchial K1 concentrations were
greater than plasma (approximately three- to fourfold). The
ion compositions of ASL from distal trachea (Na1 80.065.2,
Cl2 88.469.8, and K1 21.763.9 meq/liter) of five normal sub-
jects were similar to those of bronchial ASL.

Differences among the ion compositions of bronchial and
nasal surface liquids and plasma led us to check the estimates
of bronchial surface liquid composition by alternative tech-

Figure 2. Ionic composition ( Na1, Cl2, K1) and estimated osmolarity 
of nasal surface liquid (at baseline) in normal subjects (n 5 8; open 

bars) and CF patients (n 5 8; solid bars) after 10 min of nasal occlu-
sion. The estimated osmolarity [sum of cation concentrations, i.e., 
2(Na1 1 K1)] is expressed in meq/liter.

Figure 3. The volume (wt), ionic composition (Na1, Cl2, K1) and es-
timated osmolarity [2 (Na1 1 K1)] of nasal surface liquid samples at 
baseline (open bars) and after gustatory stimulation of submucosal 
glands (solid bars) with chili peppers. (A) Normal subjects (n 5 8) 
and (B) CF patients (n 5 8). *P , 0.05, different from baseline.
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niques. The osmolality of surface liquid sampled by filter pa-
per from five normal subjects, measured by freezing point de-
pression, was found to be hyposmotic compared to plasma,
and to be similar in magnitude to the estimate of 2(Na1 1 K1),
suggesting that no molecules other than monovalent ions con-
tribute to ASL osmolarity (Fig. 4 B). Bronchial Na1 concen-
trations were measured with Na1-selective electrodes im-
mersed in ASL in vivo. We assessed the accuracy and sensitivity
of the Na1 electrode system in vivo by first making measure-
ments in dog airways. The concentration of Na1 measured
with Na1-selective electrodes in canine tracheal surface liquid
were comparable (140.5616.5 meq/liter, n 5 3) to previously
reported values (Fig. 4 B) (13). Human bronchial ASL Na1

concentrations measured with Na1-selective electrodes in vivo
approximate closely those estimated from samples on filter pa-
per (Fig. 4 A). The congruence of Na1 concentrations mea-
sured by two independent techniques indicates that the filter
paper protocol does not induce unique artifacts.

Finally, we measured albumin concentrations in normal
human ASL to estimate the contribution of interstitial fluid
that might enter surface liquid through leaks induced by filter
paper sampling. The concentration of albumin in bronchial
and tracheal surface liquid of six normal subjects (73.2627.0
and 48.4617.1 mg/dl, respectively) was z 60 times less than
that of plasma, suggesting that contamination of ASL by inter-
stitial liquid that entered through albumin-permeant leaks was
minimal.

We then compared the ionic composition of ASL collected
from the lower airways of uninfected cystic fibrosis and unin-
fected chronic bronchitis patients with that collected from the
normal volunteers (Fig. 4 A). Like the ASL of normal subjects,
liquids collected from these patients were characterized by low
Na1, low Cl2, and raised K1 concentrations compared to
plasma. Importantly, we found ASL from each subject popula-
tion was characterized by similar ion compositions, except for
the z 20% increase in Cl2 in the noninfected chronic bronchi-
tis subjects.

Relationship between volume of bronchial samples and os-

molarity. To gain some insight into the contribution of collec-
tion-induced gland secretions to the hyposmotic ASL mea-
sured in the three study groups, we examined the relationship
between the estimated osmolarity [2(Na1 1 K1)] and volume
(wt) of samples collected for each group (Fig. 5). Bronchial
surface liquid approaches isosmolarity in smaller samples (low
wt) and becomes increasingly hyposmotic with increasing vol-
ume (wt) of samples.

Discussion

Despite intense interest in the characterization of ion transport
by human airway epithelia over the last 15 yr, it is still not clear
whether airway epithelia regulate volume and ionic composi-
tion of airway surface liquids or ionic composition alone (1, 3,
6–9, 20, 21). Recent studies focusing on the relationship be-
tween ion composition of airway surface liquid and infectious
pathogenesis of CF lung disease (9, 22) led us to measure and
compare ion compositions of upper and lower ASL in normal
subjects and subjects with airways disease.

Because the surface liquid layer is shallow, sampling and
measurement of its composition are difficult, leading to a wide
spectrum of reported values for human ASL (1). We therefore
tested the accuracy of our sampling technique and compared
our analytic protocols with independent techniques. Sampling
with filter paper raises several questions. First, does the vol-
ume collected in the paper reflect the surface liquid volume/
unit area relationship in vivo? One approach to this question is
to compare the volume on the airway surface in the region
probed by the paper with the volume collected. Unfortunately,
the depth of ASL on human airways is not known precisely
and published values in mammalian proximal airways range
from 1–120 mm (23–25). However, assuming a 25-m thick liq-
uid layer, the volume of ASL in the vicinity of the filter paper
(defined by its physical dimensions: 2–3 mm 3 20–30 mm)
should approximate 5–10 ml. In the nose and in the lower air-
ways, the volume collected in the basal state is approximately
twofold higher than predicted (z 10–20 ml). Possible explana-
tions include epithelial damage and serum leak, “wicking” of
surface liquid from outside of the estimated area sampled by
the filter papers, and/or induction of reflex gland secretion.
The very low albumin concentrations in airway surface liquids

Figure 4. Ionic composition of surface liquid in lower airways. (A) 
Ion composition (Na1, Cl2, K1) and estimated osmolarity [2(Na1 1 
K1)] of bronchial surface liquid in normal subjects (n 5 11; open 

bars), CF patients (n 5 9; hatched bars), and patients with chronic 
bronchitis (n 5 9; solid bars). *P , 0.05, different from normal and 
CF; †P , 0.05, different from CF. (B) Na1 concentration and osmo-
larity in airway surface liquid in normal human bronchi and canine 
trachea, and osmolarity in human bronchi, as determined by tech-
niques of filter paper sampling (open bars), Na1 electrode (hatched 

bars), and freezing point depression (solid bar). Canine tracheal filter 
paper data shown for comparison; previously published (13).



Ion Composition of Airway Surface Liquid 2593

and absence of detectable changes in epithelial resistance with
filter paper sampling in vitro argue against the first explana-
tion. The composition of gland secretions and their contribu-
tion to surface liquid volume in nose or lower airways of hu-
mans has not been previously described, so we cannot distinguish
between or eliminate the other possibilities. However, our sub-
sequent studies designed to measure ionic compositions under
conditions that maximize the relative contribution of the glands
to nasal surface liquid suggest that reflex gland secretion is
probably induced in lower airways (see below).

Second, do the collection and elution protocols lead to an
accurate measure of electrolytes? Because sampling from the
surface of epithelial cell cultures did not raise the ASL concen-
tration of K1, we conclude that raised concentration of K1 in

liquid sampled in vivo did not reflect cellular damage or adher-
ent cells, consistent with previous analyses (13). We confirmed
our previous experience with elution efficiency and analytic er-
rors, showing that . 99% of known electrolyte added to filter
paper is recovered (13). We have extended this experimental
modeling further in the current study to define the limit of ac-
curacy associated with sampling small volumes. The sensitivity
of our analysis (3-ml limit) was adequate to avoid excluding
any samples due to insufficient sampled volume. Finally, the
congruence of the concentrations of Na1 and Cl2 of the solu-
tions sprayed onto the nasal surface with those measured
within 1 min of deposition by filter paper sampling and analy-
sis (Fig. 1) indicates that the entire procedure of sampling,
weighing, and analyses is accurate and reliable.

We focused our studies on nasal surfaces so that our data
could be compared with recent reports of Cl2 concentrations
in airway surface liquid from CF and normal subjects (9). Af-
ter nasal occlusion, we found that there were time-dependent
increases in volume collected and reductions in ionic concen-
trations. Approximately 10 min were required for equilibra-
tion after evaporative water loss was minimized with the nasal
plugs. For both normal and CF subjects, Na1 concentrations
(z 109 mM) were lower than those of plasma, Cl2 concentra-
tions (z 125 mM) were similar to plasma, and K1 concentra-
tions (z 30 mM) were higher than plasma. We found no signif-
icant difference between the ionic composition of liquid from
CF and normal subjects. Subsequent to the original report of
higher concentration of Cl2 in CF surface liquid, Smith et al.
have retracted the observations because the difference be-
tween CF and normal liquid could not be reproduced (26).
Our study not only found no difference in Na1 and Cl2 con-
centrations between CF and normal nasal surface liquid, but
our measured concentrations far exceed the values of Na1 or
Cl2 (and tonicity) that are optimal for activity of salt-depen-
dent defensins in the respiratory tract (9, 22).

We extended our studies to the lower airways, evaluating
samples from the mainstem and second generation bronchi in
normal healthy volunteers (mean age 26 yr). The ion composi-
tion of samples collected with filter paper differed from those
taken from the nose in that Na1, Cl2, and K1 concentrations
were lower (Fig. 4 A). Importantly, the sum of the cations sug-
gested that the solution on bronchial surfaces is hyposmotic. A
hyposmotic lower airway surface liquid is difficult to reconcile
with water permeabilities reported for surface airway epithelia
(27, 28). Consequently, we determined the osmolarity of filter
paper samples and measured the concentration of Na1, the
dominant cation, on the airway surface with Na1-selective
electrodes. The concentration of Na1 determined by these
electrodes agreed with flame photometry of liquid sampled by
filter paper, and the osmolarity measured by freezing point de-
pression was comparable to the value estimated from Na1 and
K1 concentrations (Fig. 4 B). Thus, we conclude that the filter
paper technique accurately measured the ionic composition of
secretions on airway surfaces at the time of sampling.

We compared the normal data with those of bronchial sur-
face liquid from nine infants with cystic fibrosis who were non-
infected based on low bacterial counts in bronchoalveolar lav-
age (Fig. 4 A). Concentrations of Na1, Cl2, and K1 in CF ASL
were not different from normal adult controls (Fig. 4 A). Fi-
nally, we characterized electrolyte concentrations in surface
liquid of adults with cigarette-induced chronic bronchitis with-
out infection, a disease control. Again, electrolyte concentra-

Figure 5. Relationship between the estimated osmolarity [2(Na1 1 
K1); meq/l] and volume (wt) of bronchial surface liquid sampled from 
normal subjects (11 subjects; 13 samples, r 5 0.31), patients with cys-
tic fibrosis (nine subjects; 21 samples, r 5 0.65), and patients with 
chronic bronchitis (nine subjects; 28 samples, r 5 0.41).
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tions in these subjects did not differ from those of CF or nor-
mal subjects, except for a modest (20%) increase in Cl2.

Our values for the ionic composition of CF bronchial ASL
disagree with two published reports. Gilljam et al. (29) re-
ported K1 concentrations equal to plasma and Cl2 concentra-
tions higher than plasma in mucopurulent bronchial secretions
(mean sample weights 5 207683 mg) aspirated by a dry cathe-
ter (29). Our data also describe CF surface liquid that is more
hyposmotic than that recovered by Joris and colleagues (20).
We do not know the reason for these discrepancies. However,
Gilljam et al., like Smith et al. (9), reported Cl2 concentrations
that predict a hyperosmotic surface liquid, a composition that
is not compatible with any known physiologic process in air-
way epithelia. The most likely explanation for a high Cl2 con-
centration is evaporative water loss during sample collection
and processing, or inadequate time for surface liquid humidifi-
cation in vivo. The higher Na1 and Cl2 concentrations of bron-
chial samples from three CF patients (two intubated) reported
by Joris et al. (20) may also reflect evaporative water loss, but
we have no way to estimate the magnitude of these putative
losses. Our data on CF ionic composition are similar to those
reported by Wills et al. (5), the patient cohort in our study is
relatively large, and this is the first uninfected CF cohort re-
ported.

The volume of secretions recovered by the filter paper
technique and apparent incompatibility of hypotonic bronchial
surface liquid and the relatively high water permeability re-
ported for superficial bronchial epithelia raised the possibility
that the filter paper sampling technique induces reflex glandu-
lar secretion and that glands, as a function of their ductal ion
transport activities, are the source of hypotonic solutions on
airway surfaces. We attempted to separate the contribution of
glands from superficial epithelium to the composition of liquid
on airway surfaces by studying the effects of stimulated gland
secretion. We sampled liquid from nasal surfaces because this
surface is accessible to manipulation and all liquid on the su-
perficial epithelia in this region is derived from the glands (i.e.,
there is no axial flow from more distal airways [1]). Reflex
stimulation of nasal glands resulted in an increase in volume
collected by filter papers from both CF and normal subjects
(Fig. 3). Interestingly, the increase in volume was similar in
normal and CF subjects, suggesting that non-CFTR Cl2 trans-
port pathways may be important in gland secretion in upper
airways. Stimulation of gland secretion diluted the concentra-
tion of measured ions ( Na1, Cl2, K1), and there was a de-
crease (30–40 meq/liter) in the estimated osmolarity [2(Na1 1
K1)] of CF and normal nasal surface liquid after stimulation of
submucosal glandular secretion (Fig. 3). Usually, hyposmotic
gland secretion results from (hyperosmotic) NaCl absorption
by ductal epithelium (20, 30). Although absorption by human
submucosal gland ducts has not been measured directly, Na1

channels are expressed in the ducts of human normal and CF
nasal glands (31).

Our conclusion that nasal gland secretions are hyposmotic
led us to re-examine the estimated osmolarity of bronchial
ASL. Fig. 5 displays the relationships between estimated os-
molarity (2[Na1 K1]) and volume of surface liquid samples
from normal, CF, and CB subjects. For each group, the smaller
volume samples approach isotonicity, and as volume in-
creased, osmolarity fell. We speculate that these relationships
are the consequence of gland secretion induced by the collec-
tion technique. When this effect is minimized (e.g., volumes

become smaller), ASL approximates isotonicity for all groups.
Consequently, the low osmolarity in the bronchial surface liq-
uid could reflect glandular secretion in this region.

In summary, we found no difference in ionic composition
between surface liquid collected from nasal surfaces of CF and
normal subjects under basal conditions. Nasal surface liquid is
close to isosmotic. Stimulation of glands suggests that both CF
and normal glands secrete a solution that is more hyposmotic
than resting (basal) surface liquid. We suggest that submucosal
gland ductal salt absorption lowers the osmolarity of solution
secreted from gland acini. Our studies also did not reveal any
difference among the ionic composition of airway surface liq-
uids from bronchial regions of normal subjects, CF patients, or
disease control patients. Human bronchial ASL tended to be
hyposmotic relative to plasma, suggesting that the sampling
technique in the lower airways disproportionately reflects
glandular secretions rather than ambient airway surface liq-
uids, or, less likely, that the high water permeability reported
for excised airway epithelia is not relevant in vivo. Regardless
of the explanation, the degree of hyposmolarity measured in
either the nasal or bronchial surface is unlikely to activate salt-
sensitive defensin-like antimicrobial activities (9, 22). Finally,
our studies point to the need for better collection techniques
and reliable measurements of ionic composition in the bron-
chioles, the site at which CF disease is initiated. Although the
conductive properties of bronchioles make it unlikely (32), it is
possible that bronchiolar ASL is hypotonic in normal, but not
CF, and distal CF airways might be more susceptible to infec-
tion, if the hypothesis about salt-sensitive antimicrobial activ-
ity is valid. In addition, other important components of airway
surface liquid (e.g., the water content, pH) may be the key to
the mystery of the early pathogenesis of CF airways infection.

Note added in proof: Since submission of this manuscript, we have
become aware of a similar study, “Elemental content of airway sur-
face liquid from infants with cystic fibrosis,” Hull, J. et al. Am. J.

Respir. Crit. Care Med. In press.
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