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The concentration of salt in the thin layer of fluid at the surface of large airways, the airway-surface liquid (ASL), is believed to be of central
importance in airway physiology and in the pathophysiology of cystic fibrosis. Invasive sampling methods have yielded a wide range of ASL
[NaCl] from 40 to 180 mM. We have developed novel fluorescent probes and microscopy methods to measure ASL thickness, salt
concentration, and pH quantitatively in cell-culture models and in the trachea in vivo. By rapid z-scanning confocal microscopy, ASL
thickness was 21 ± 4 μm in well-differentiated cultures of bovine tracheal epithelial cells grown on porous supports at an air-liquid interface.
By ratio imaging fluorescence microscopy using sodium, chloride, and pH-sensitive fluorescent indicators, ASL [Na+] was 97 ± 5 mM, [Cl–]
was 118 ± 3 mM, and pH was 6.94 ± 0.03. In anesthetized mice in which a transparent window was created in the trachea, ASL thickness
was 45 ± 5 μm, [Na+] was 115 ± 4 mM, [Cl–] was 140 ± 5 mM, and pH was 6.95 ± 0.05. Similar ASL tonicity and pH were found in cystic
fibrosis (CFTR-null) mice. In freshly harvested human bronchi, ASL thickness was 55 ± 5 μm, [Na+] was 103 ± 3 mM, [Cl–] was 92 ± 4 mM,
and pH was 6.78 ± 0.2. These […]
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Introduction
The airway-surface liquid (ASL) is the thin layer of aque-
ous fluid that coats the airway mucosal surface. The
ASL contains salts and a variety of macromolecules to
carry out transport, detoxification and anti-infectious
functions (1). The composition and dynamics of the
ASL are thought to play a key role in the physiology of
asthma, bronchitis, and the most common genetic dis-
order, cystic fibrosis (2, 3). Two opposing theories have
been proposed to explain the lung pathophysiology in
cystic fibrosis. The “low salt” theory postulates that the
normally low ASL salt concentration becomes high in
cystic fibrosis, inhibiting the activity of endogenous
antimicrobials such as defensins (4–6). The “low vol-
ume” theory postulates that avid salt absorption in cys-
tic fibrosis creates a viscous, dehydrated mucus that
promotes infection (7). ASL salt concentration is always
near isotonic in the low volume theory. Several lines of
indirect evidence have been reported to support each
theory (reviewed in refs. 8, 9). An accurate description of
ASL properties is critical to the rational design of ther-
apies for cystic fibrosis and other airway diseases. The
low salt theory predicts the efficacy of maneuvers that
lower ASL salt in cystic fibrosis, whereas the low volume
theory favors maneuvers that hydrate the ASL.

In cell-culture models, salt concentrations of 40–180
mM have been reported in different cell types studied
by different methods (4, 5, 7, 10, 11). In the in vivo tra-

chea, salt concentrations of 45–138 mM have been
found using filter paper– and micropipette-sampling
methods (12–18). These invasive methods have been
criticized because the sampled volumes are generally
much greater than the fluid volume contained in the
normally less than 80-µm-thick ASL (3, 8, 9, 18). Theo-
retically, the ASL could be hypotonic, isotonic, or hyper-
tonic. A hypotonic ASL would require high concentra-
tions of as yet unidentified osmolytes in the ASL and/or
the action of surface tension or other surface phenom-
ena. A near-isotonic ASL is predicted for a highly water-
permeable epithelium in which salts constitute the
majority of ASL osmolytes. A hypertonic ASL could in
principle be generated if evaporative water losses exceed
the ability of the airway epithelium to transport water
into the ASL. Experimental measurement of ASL tonic-
ity is required because there is no firm theoretical basis
or consensus to choose among these possibilities.
Another theory, based on the proposed bicarbonate-
transporting role of CFTR and interactions with bicar-
bonate transporters (19, 20), is that an abnormality in
ASL pH in cystic fibrosis might contribute to bacterial
colonization and disease pathogenesis.

The purpose of this study was to develop and apply
quantitative noninvasive methods to determine ASL
thickness, sodium and chloride concentrations, and pH
in cell-culture models and in vivo. The strategy was to
stain the ASL with fluorescent indicators, to measure
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thickness using scanning confocal microscopy, and to
measure sodium concentration, chloride concentration,
and pH by ratio-imaging microscopy. This work
required substantial technical innovations, including
the construction of perfusion chambers and
microscopy instrumentation, the development of sur-
gical procedures to make measurements in the in vivo
trachea, and the synthesis of cell-impermeable, dual-
wavelength sodium and chloride-selective fluorescent
indicators with suitable sensitivity and optical proper-
ties. The results in cell-culture models, in vivo mouse
trachea, and freshly excised human airways strongly
support the conclusion that the ASL is near isotonic
and not saltier in cystic fibrosis. The results have impor-
tant implications regarding therapy in cystic fibrosis.

Methods
Perfusion chamber. A stainless steel perfusion chamber
with a glass bottom was constructed to accommodate
24-mm-diameter cell-culture inserts. The chamber was
held in a PDMI-2 microincubator (Harvard Apparatus,
Holliston, Massachusetts, USA) maintained at 37°C.
Perfusates were preheated and delivered at 4 ml/minute
at specified pressure. Air/5% CO2 was passed through
water (at 37°C) in a Fisher-Milligan gas washer (Fisher
Scientific Co., Pittsburgh, Pennsylvania, USA) to create
the humidified atmosphere.

Cell culture. Bovine tracheal cells were cultured on col-
lagen-coated semipermeable membranes (24-mm-diam-
eter transparent polyethylenetetraphthalate membrane,
0.4-µm pore size; Falcon, Becton Dickinson and Co.,
Plymouth, United Kingdom) at an air-liquid interface
at 37°C in 5% CO2/95% air until fully differentiated
(21). Culture medium was changed every 2–4 days.
Transepithelial resistance was measured using an
epithelial volt-ohmmeter (World Precision Instruments,
Sarasota, Florida, USA). Cultures were used 25–30 days
after plating, at which time resistance was 300–600
Ω.cm2 and transepithelial potential difference was gen-
erally greater than 20 mV.

Labeling of ASL. Ten milligrams of fluorescent indica-
tor was dispersed in 1 ml of low-boiling perfluorocar-
bon (compound FC-72, boiling point 56°C; 3M com-
pany, St. Paul, Minnesota, USA) using brief-probe
sonication. Fifty microliters of the perfluorocarbon
was added to the ASL 2–3 minutes before measure-
ments. Alternately, after dispersion of indicator into
the perfluorocarbon, the solvent was evaporated to
obtain very fine solid particles that were sprayed onto
the ASL 10 minutes before measurement. Alternately,
10–45 nl of indicator in PBS was injected onto the ASL
using a Nanoject–II microinjector (Drummond Scien-
tific Co., Broomall, Pennsylvania, USA). After meas-
urements, the dyes could be washed away from the
ASL, indicating that they do not undergo significant
endocytosis or cell adhesion. Also, the indicators
showed homogeneous distributions on the ASL with-
out accumulation or exclusion from surface mucus,
which was present in patches in some cultures.

Microscopy. Fluorescence was measured using a Nipkow
wheel–type confocal microscope (Leica Microsystems
Inc., Buffalo, New York, USA, with confocal/coaxial
module from Technical Instruments, Burlingame, Cali-
fornia, USA) with photomultiplier detector and custom
filter sets for quinolinium, tetramethylrhodamine, 
2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxy fluorescein
(BCECF), sodium-red and BODIPY-fl chromophores.
Background signals were less than 1% except for quino-
linium fluorescence, where background autofluores-
cence was at a maximum of 10% of the total signal (and
subtracted). Fluorescence was detected using a ×40 air
objective lens (numerical aperture 0.65, working distance
5 mm) or a ×50 ELWD objective lens (numerical aperture
0.55, working distance 8 mm) for ASL thickness meas-
urements and a ×20 extra-long working distance objec-
tive lens (numerical aperture 0.35, working distance 20.5
mm) for [Na+], [Cl–], and pH measurements. The micro-
scope fine focus was driven by a microstepper motor
(12200 steps/revolution, 1400 steps/200 µm; Com-
pumotor Inc., Rohnert Park, California, USA). Motor
control and signal detection were controlled by a cus-
tom-written LABVIEW software (National Instruments
Corp., Austin, Texas, USA). ASL thickness was deter-
mined using a reconvolution technique based on the
objective z-point spread function using custom-written
software. The z-point spread function, measured for a
thin, dry fluorophore layer (<1 µm), was convoluted with
square wave functions corresponding to different fluid
depths. Measured z-scans (from at least three different
spots on each culture) and computed z-scans for each
thickness were compared to determine ASL depth.
Thicknesses of standards consisting of specified solution
volumes sandwiched between coverglasses were deter-
mined to better than 2-µm accuracy.

Fluorescent indicators. The novel chloride indicator 
6-phenyl-N-(6-carboxyhexyl) quinolinium was synthe-
sized by heating 6-phenylquinolinium and 6-bromo-
hexanoic acid (1:1.5 molar ratio) to 110°C for 4 hours.
The resulting solid was washed with acetone overnight,
filtered, and recrystallized from methanol. Dextran
conjugates of 6-phenyl-N-(6-carboxyhexyl)quinolinium
and 6-carboxytetramethyl rhodamine succinimidyl
ester (Molecular Probes Inc., Eugene, Oregon, USA)
were synthesized by reaction of the dyes with amin-
odextran (40,000 mol wt) (10 mol quinolinium/1.5 mol
tetramethylrhodamine/1 mol dextran) for 1 hour at pH
8.5 in 0.1 M NaHCO3 containing 5 mM 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide and 5 mM 
N-hydroxy succinimide. After reaction at room tem-
perature for 1 hour, the mixture was dialyzed for 24
hours using 25,000-Da cut-off dialysis tubing against
0.1 N NaHCO3 to remove unreacted dye and then
against water for 36 hours at 4°C to remove salts. The
dextran conjugate was lyophilized and stored at 4°C in
a desiccator. Final quinolinium/tetramethylrho-
damine/dextran molar-labeling ratio was 4.5:0.5:1.

The sodium indicator “sodium red” (50 µg) (MPR
number 71351; sample provided by Molecular Probes

318 The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 3



Inc.) and BODIPY-fl (30 µg) in 2% methanol/water was
added to a 1% (vol/vol) suspension of 200-nm diameter
carboxyl latex beads (Polymer Laboratories Inc.,
Amherst, Massachusetts, USA) suspended in 4 ml
water. After shaking for 1 hour, beads were centrifuged
at 14,000 g for 30 minutes, dispersed by brief sonica-
tion, and washed three times with water. The chro-
mophores remained quantitatively immobilized on the
beads during ASL measurements and for more than 2
months storage in water at 4°C in the dark. Measure-
ments of pH were carried out using the dual-excitation
wavelength pH indicator BCECF conjugated to dextran
(Molecular Probes Inc.).

Calibration protocols. For chloride calibrations to equal-
ize perfusate and ASL [Cl–], cell-culture inserts were
incubated in 100 mM KCl/KNO3, 38 mM
NaCl/NaNO3, 1 mM CaCl2, 1 mM MgCl2, 2 mM
Na2HPO4, 0.5 mM KH2PO4, and [Cl–] from 0 to 138
mM (with NO3

– replacing Cl–). Solutions contained 10
µM nigericin, 10 µM valinomycin, 5 µM CCCP, 10 µM
monensin, and 20 µM forskolin. Incubations were
done for up to 12 hours at 37°C. For sodium calibra-
tions, the solutions contained 1 mM CaCl2, 1 mM
MgCl2, 20 mM HEPES, 10 mM glucose, 5.8 mM KCl,
124 mM NaCl/choline chloride, and [Na+] from 0 to
124 mM (choline+ replacing Na+). The ionophores list-
ed above were used excluding valinomycin. For all
buffers, pH was 7.40. For pH calibrations, the solutions
contained 1 mM CaCl2, 1 mM MgSO4, 20 mM HEPES,
10 mM glucose, 110 mM KCl, 20 mM NaCl, and the
ionophores listed above with pH adjusted to 5.0–8.0 (in
0.5 pH unit intervals). For experiments with bicarbon-
ate-containing solutions, the perfusion buffer con-
tained 1 mM CaCl2, 1 mM MgCl2, 25 mM HEPES, 10
mM glucose, 25 mM NaHCO3, 5 mM KCl, 95 mM
NaCl, bubbled with 5% CO2/air.

Measurements in intact trachea. Mice (25–35 g body
weight) were anesthetized with pentobarbital (50
mg/kg, intraperitoneally). In some experiments,
atropine (1 mg/kg) was given 10 minutes before anes-
thesia. Following a midline neck incision, 1–1.5 cm of
trachea was bluntly isolated without vascular trauma.
Two procedures were used to instill dye into the tra-
chea and visualize indicator fluorescence; 50 µl of indi-
cator dispersed in perfluorocarbon was instilled into
the trachea via the mouth using a 25-gauge feeding
needle. Alternately, a small window was cut into the
anterior wall of the trachea just below the thyroid
(width 2 mm, length 5 mm) (see Figure 6a). Through
this window 5 µL of dye dispersed in perfluorocarbon
was added. The window was covered with transparent
plastic wrap using tissue adhesive (Jorgensen Labora-
tories, Loveland, Colorado, USA). The mice breathed
room air spontaneously. Fluorescence was detected
using the ×20 objective lens. Mice were sacrificed using
an overdose of pentabarbital at the completion of the
measurements. All animal protocols were approved by
the University of California, San Francisco, Commit-
tee on Animal Research.

For measurements in human airways, freshly excised
fragments of human main-stem bronchi were harvest-
ed from lungs. The whole lung with 3–5 cm of trachea
intact was excised, the tracheal end was ligated, and tis-
sues were transported to the laboratory in generally less
than 2 hours in physiological saline on ice. Main-stem
bronchi (cut to approximately 2 cm long, 1 cm wide, 2
mm thick) were dissected in a 100% humidified envi-
ronment, placed over a wire mesh in a tissue-culture
well with HCO3

–-containing media bathing the serosa,
and placed in the cell-culture incubator for 30 minutes.
The bronchial fragment was then mounted using pins
on a sponge soaked in HCO3

–-containing buffer (on
the serosal side) and held in the perfusion chamber
with the mucosal side up at 37°C in a humidified 5%
CO2/air atmosphere. ASL was stained by adding 10 µl
of the indicator dispersed in perfluorocarbon. Fluores-
cence was detected using the ×50 objective lens.

Results
A perfusion chamber was designed for use with an
upright confocal microscope (Figure 1). Epithelial cell
monolayers were grown on porous supports at an air-
liquid interface. The serosal surface of the cell layer was
perfused with solutions of specified composition and
the apical surface was exposed to humidified air (or 5%
CO2/95% air) at 37°C. After staining the ASL with flu-
orescent dyes (using dispersed dye in volatile perfluo-
rocarbon, dry powder, or microinjection), ASL fluores-
cence was detected by epifluorescence microscopy.

ASL thickness was measured by z-scanning confocal
microscopy. Measurements in artificial solutions of
known thickness demonstrated the determination of
ASL thickness to better than 2-µm accuracy in less than
5 seconds (Figure 2a). Figure 2b shows ASL thickness
in cultures of bovine tracheal epithelial cells. ASL thick-
ness was 21 ± 4 µm (SE, n = 10 cultures) and uniform
throughout the surface, in general agreement with pre-
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Figure 1
Schematic of the perfusion system for measurement of ASL proper-
ties in cell culture models. Epithelial cell monolayers cultured on
porous supports were perfused at the serosal surface and exposed to
a humidified 5% CO2 atmosphere, at the mucosal surface. Temper-
ature was maintained at 37°C. ASL fluorescence was measured using
a long working distance objective lens.



vious estimates (7, 18). ASL thickness remained con-
stant over more than 1 hour of observation and was
insensitive to perfusion pressure in the range of 5–25
cm H2O. ASL thickness decreased to 8 µm when the
humidified air was replaced by dry air, and increased
rapidly upon addition of dry salt or mannitol to drive
water influx osmotically (Figure 2b, bottom curves).
Interestingly, ASL depth was not changed significant-
ly by incubation of cells for 2 hours with amiloride (1
mM), glibenclamide (300 µM), 4,4′-dinitrostilbene-2,2′-
disulfonic acid (DNDS; 100 µM), or 5-nitro-2-(3-
phenylpropylamino)benzoate (NPPB; 100 µM) (see
Discussion). After increasing ASL thickness to approx-
imately 150 µm by addition of saline, active fluid
absorption restored the original ASL thickness over an
8-hour time course (Figure 2c). ASL absorption was
markedly slowed by amiloride, indicating the involve-
ment of an amiloride-sensitive sodium channel.

A dual-wavelength quinolinium-based fluorescent
dextran was synthesized for measurement of ASL [Cl–]
(Figure 3a). The indicator emits Cl–-insensitive red flu-
orescence and Cl–-sensitive blue fluorescence so that
ratio of red-to-blue fluorescence provides a quantita-
tive measure of [Cl–] that does not depend on indicator

concentration. In aqueous solutions, the red-to-blue
fluorescence ratio increased linearly with [Cl–] (Figure
3b) with a Stern-Volmer quenching constant of 13 M–1.
Indicator fluorescence and [Cl–] sensitivity were not
affected by changes in pH (range 4–8), Na+/K+ concen-
trations (0–150 mM), organic anions (e.g., lactate, cit-
rate, 0–100 mM), or albumin (0–10%).

ASL [Cl–] was determined from the red-to-blue flu-
orescence ratio of the indicator dissolved in the ASL.
The fluorescence ratio was calibrated against [Cl–] by
incubating the cell monolayers in a high-K+ buffer
containing different [Cl–] (nitrate replacing Cl–) and
ionophores for 10–12 hours, at which time ionic
equilibration was complete. The cell layers remained
viable and ASL thickness remained in the range
20–25 µm. Figure 3c shows that red-to-blue fluores-
cence ratios measured in the ASL were similar to
those measured in aqueous solutions, indicating that
the ASL does not contain substances that interfere
with the indicator fluorescence. The similar in vivo
and in vitro sensitivity of 6-phenyl-N-(6-carboxy-
hexyl)quinolinium fluorescence to [Cl–] is in agree-
ment with the known physical chemistry of quino-
linium-type chloride indicators (22).
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Figure 2
Determination of ASL thickness by z-scan-
ning confocal microscopy. (a) Fluorescence
z-scans of layers of specified thickness con-
taining 5 mg/ml tetramethylrhodamine-
dextran in PBS. (b) Scans of ASL stained
with tetramethylrhodamine dextran. Where
indicated, cells were exposed to dry air for
20 minutes or 0.2 mg dry NaCl was added
to the ASL. (c) Time course of ASL thick-
ness in response to addition of 100 µl of
saline containing 100 µg of tetramethyl-
rhodamine dextran in the absence and
presence of 10 µM amiloride in the mucos-
al solution (mean ± SE, n = 3 cultures).

Figure 3
Chloride concentration in the ASL of well-differentiated tracheal epithelial cell cultures. (a) Fluorescent dextran was synthesized for deter-
mination of [Cl–] by ratio-imaging microscopy. Blue quinolinium (Cl–-sensitive) and red tetramethylrhodamine (Cl–-insensitive) chromophores
were covalently conjugated to dextran. (b) Indicator red-to-blue fluorescence ratio versus [Cl–] in PBS (Cl– replaced by NO3

–). (c) Red-to-
blue fluorescence ratio versus ASL [Cl–] measured using an ionophore calibration procedure to set ASL [Cl–] (mean ± SE, three cultures for
each [Cl–]). Also shown is ASL [Cl–] measured in HCO3

–-free and HCO3
–-containing solutions (n = 4 cultures).



ASL [Cl–] was 118 ± 3 mM in the nominal absence of
CO2 and 101 ± 2 mM in the presence of 25 mM bicar-
bonate in the perfusate (pH 7.4) and 5% CO2 in the
humidified atmosphere at the mucosal surface (Figure
3c). Similar values were obtained when the indicator
was introduced using dry powder or microinjection of
aqueous solutions of the dextran.

For ratiometric determination of ASL [Na+], a red 
fluorescent sodium indicator, referred to as sodium-red,
was immobilized on carboxyl latex beads (200-nm
diameter) together with a [Na+]-insensitive green chro-
mophore (BODIPY-fl) (Figure 4a). Bead red-to-green
fluorescence ratio increased with [Na+] (Figure 4b) and
was insensitive to pH (4–8), [K+] (0–300 mM), and
organic solutes. As described for Cl–, an ionophore cali-
bration procedure was performed to relate bead red-to-
green fluorescence ratios to ASL [Na+] (Figure 4c). ASL
[Na+] in bovine tracheal epithelial cells was 97 ± 5 mM
under nominally CO2-free conditions and 92 ± 5 mM in
the presence of CO2 (Figure 4c). After incubation for 2
hours with the CFTR blockers glibenclamide (300 µM)
or NPPB (100 µM), ASL [Na+] was 100 ± 8 mM (n = 3)
and 115 ± 11 mM (n = 4), respectively, not significantly
different from that in untreated cultures.

Measurements of ASL pH were carried out using the
cell-impermeable pH indicator BCECF-dextran.
BCECF fluorescence is very sensitive to pH in the
range of 6.5 to 7.5, which is ideal for ASL pH meas-
urements. Ratio imaging was done at 440- and 490-
nm excitation wavelengths with detection at 535 nm.
Figure 5 shows pH calibrations of F490/F440 versus pH
in solution and in the ASL. The pKa of BCECF-dex-
tran was 7.0 in solution and in the ASL. ASL pH was
6.84 ± 0.05 (n = 4) in the nominal absence of CO2 and
6.94 ± 0.03 (n = 4) in the presence of 25 mM bicar-
bonate in the perfusate (pH 7.4) and 5% CO2 in the
humidified atmosphere. There was no significant
effect of glibenclamide or NPPB on ASL pH.

Although cell-culture models have been used widely
to study ASL properties, there are concerns that culture

models do not accurately mimic the in vivo airways and
are difficult to reproduce in their precise cell makeup,
transepithelial resistance, and transport properties.
Additionally, cell cultures are not exposed to the time-
varying air flows, moisture content, and O2/CO2 com-
position sensed by the tracheal mucosa in vivo.

We applied the techniques developed above to the in
vivo trachea in anesthetized mice. A small window was
cut in the mouse trachea, fluorescent dyes were intro-
duced using perfluorocarbon or dry powders, and the
window was sealed with transparent plastic (Figure 6a,
left). In a second approach suitable for the bright-sodi-
um and pH indicators, the fluorescent probe was
introduced into the trachea via the mouth using a
feeding needle, and fluorescence was measured
through the intact translucent tracheal wall (Figure
6a, right). The mice breathed spontaneously in both
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Figure 4
Sodium concentration in the ASL of well-differentiated tracheal epithelial cell cultures. (a) Fluorescent bead was used for determination
of [Na+]. Sodium-red and green BODIPY-fl chromophores were immobilized on 200-nm-diameter polystyrene beads. (b) Bead red-to-
green fluorescence ratio versus [Na+] in PBS (Na+ replaced by choline+). (c) Red-to-green fluorescence ratio versus ASL [Na+] measured
using an ionophore calibration procedure to set ASL [Na+] (mean ± SE; three cultures for each [Na+]). Also shown is ASL [Na+] 
measured in HCO3

–-free and HCO3
–-containing solutions (n = 4 cultures).

Figure 5
ASL pH in well-differentiated bovine tracheal epithelial cell cultures.
Ratios of BCECF-dextran fluorescence at 490 and 440 nm are meas-
ured in buffers of specified pH. Open circles are calibration points
for cell-free solution measurements, and filled circles are for calibra-
tion measurements (high-K+ solution containing ionophores) in ASL.
Also shown is ASL pH measured in physiological HCO3

–-free and
HCO3

–-containing solutions (n = 4 cultures).



approaches. Care was taken during surgery and indi-
cator addition to minimize perturb-ing the trachea.
There was no apparent activation of tracheal secretion
in approximately 70% of untreated mice and more
than 90% of atropine-treated mice. In addition, ASL
thickness and salt concentrations remained stable for
more than 1 hour, and [Na+], which was measured
both through the intact tracheal wall and the window,
was not affected by creating the window.

Figure 6b (left) shows a representative determina-
tion of ASL thickness in mouse trachea using z-scan-
ning confocal microscopy. Average ASL thickness was
45 ± 5 µm (n = 4), which is in the range of 35–100 µm
estimated in pig, ferret, cow, and human trachea 
(3, 10). Figure 6c summarizes ASL [Cl–], [Na+], and
pH for normal and cystic fibrosis (CF) mouse trachea
in vivo, freshly excised human bronchi, and bovine
tracheal cell cultures. ASL [Cl–] was 140 ± 5 mM in
the trachea of wild-type mice and similar in CF mice.
ASL [Na+] was 115 ± 4 in wild-type mice and 105 ± 3
mM in CF mice. K+ is probably the major unmea-
sured cation. ASL pH was 6.95 ± 0.03 in wild-type
mice, not significantly different from 6.84 ± 0.07 in
CF mice. Computing a [HCO3

–] of 8 mM based on
the ASL pH of 6.95, the measured [Cl–] of 140 mM
predicts an osmolality of 296 mOsm for mouse ASL,
which is similar to that of 311–325 mOsm for mouse
plasma. In excised bronchial fragments from three
human subjects who did not have CF, ASL thickness
was 55 ± 5 µm, [Na+] was 103 ± 3 mM, [Cl–] was 92 ±
4 mM, and pH was 6.78 ± 0.2.

Discussion
Our results provide direct evidence that the ASL salt
concentration is approximately isotonic in airway cell-
culture models, in the mouse trachea in vivo, and in
freshly excised human bronchi. This conclusion was
insensitive to methodological details, such as the dif-
ferent methods used to stain the ASL, the presence of
bicarbonate, and other factors. Although CF mice are
imperfect models of airway disease and acceptable
human CF airway specimens were not available, the
near isotonicity of ASL in normal cell cultures and
mouse and human airways makes it very unlikely that
ASL salt concentration could be higher in CF. A near
isotonic ASL is consistent with the inability of the high-
ly water-permeable airway epithelium to sustain an
osmotic gradient (23, 24) and with evidence that ciliary
surface-tension effects do not create an osmotic imbal-
ance (7). Attempts to decrease ASL tonicity are thus
unlikely to be of benefit in the treatment of CF.

An interesting observation was the insensitivity of
ASL thickness in cell-culture models to ion substitu-
tion, ionophores, perfusion pressure, and inhibitors of
membrane transport. Substantial changes in ASL
thickness were found only for the gross maneuvers of
rapid evaporation (dry atmosphere) or osmotic stress
(salt addition to the ASL). Although the lower ASL
thickness in cell-culture models compared with intact
trachea casts further doubt on the utility of cell-culture
models to study ASL properties, it is interesting to
speculate about the reasons for the constancy of ASL
thickness. The lack of effect of transport inhibitors
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Figure 6
ASL properties in the in vivo mouse trachea and freshly excised fragments of human bronchi. (a) Mouse preparation for measurement
of ASL thickness and salt concentration showing the exposed trachea in which a rectangular window was cut (left). After dye instilla-
tion, the window was sealed with transparent plastic for fluorescence measurements. Brighter dyes could be instilled into the trachea
via a feeding needle and fluorescence measured through the translucent tracheal wall (right). (b) ASL thickness determined in mouse
trachea (left) and human freshly excised bronchi (right) using z-scanning confocal microscopy in which the ASL was stained with tetram-
ethylrhodamine-dextran. See text for averaged values. (c) Summary of ASL sodium and chloride concentrations and pH for wild-type
(SE, n = 6) and CF mice (SE, n = 3) and human bronchi (SE, n = 3). For comparison, results from bovine tracheal cell cultures (from Fig-
ures 2–5) are given. (Note that mouse plasma osmolality is 315–325 mOsm and osmolality for media bathing the human bronchi and
cell cultures is 290–296 mOsm.)



makes regulated membrane transport unlikely. Fur-
thermore, it is difficult to understand how an epithe-
lial cell can sense the location of the ASL surface. We
speculate that surface tension or other phenomena,
although insufficient to create an osmotic imbalance,
play a role in setting ASL depth. The challenge will be
to define quantitatively the driving forces that establish
ASL thickness and salt concentration, ultimately to
establish a mathematical model with predictive value.

ASL pH was in the range of 6.8–7.0 in the various
model systems and not different in the CF mice or in
airway cell cultures treated with CFTR inhibitors. Pre-
viously, ASL pH in porcine bronchial ASL was esti-
mated indirectly to be in the range of 7.33–7.45 from
bicarbonate measurements made on submucosal
gland secretions (25). In ferret trachea in vitro, ASL pH
was measured as 6.84 ± 0.03 using a catheter-tipped
pH electrode implanted in a cannula held close to the
airway epithelium (26). To our knowledge, the study
here reports the first direct noninvasive measurements
of ASL pH. The similar values of ASL pH in CF mice
and after CFTR inhibition in bovine tracheal epithe-
lial cells suggest that abnormalities in ASL pH regula-
tion are unlikely to contribute to the pathogenesis of
CF. Further work is needed to identify the membrane
transporters and define the electrochemical driving
forces that regulate ASL pH.

The ratiometric fluorescence measurements of ASL
[Na+], [Cl–], and pH do not provide information about
osmolality, [K+], or other unmeasured cations and
anions. Without direct information about ASL osmo-
lality and [K+], it is difficult to speculate about the
amount and nature of remaining ASL solutes. Fluores-
cence methods are under development to measure
these important ASL parameters.

A variety of complementary techniques have been
used to measure ASL composition in mice and large
animals, including analysis of fluid collected by filter
paper (12–15) and microcapillary tubes (16, 17) and,
very recently, direct sensing of [Cl–] using a solid-state
electrode (27). Each of these methods requires direct
mechanical contact with the ASL, introducing poten-
tial artifacts from stimulation of surface and gland
fluid secretion and collection of intracellular and
interstitial fluids by capillary suction (3, 8, 28). ASL
composition in cell-culture models has also been esti-
mated by cryoprobe/x-ray microanalysis (29, 30) and
radio-tracer methods (5), which are also invasive and
provide only single time-point measurements. Our
approach here involving fluorescent dye staining of
ASL and microscopy permits continuous quantitative
measurements of ASL properties with minimal
mechanical perturbation of the ASL. The robustness
of the results in different systems using different dye
addition and sample preparation methods supports
the validity of our methods.

A number of significant technical developments were
required to measure ASL depth and salt concentration
in culture models and in vivo. Brightly fluorescent dual-

wavelength chloride and sodium indicators were
required that were membrane impermeable, nontoxic,
and sensitive in the range from 0 to more than 150 mM
[Na+] and [Cl–]. Based on our work on halide-sensitive
fluorescent indictors, the 6-phenylquinolinium chro-
mophore was chosen after screening a number of
quinolinium-type chromophores. Synthetic procedures
were developed to generate a dextran conjugate con-
taining 6-phenyl-N-(6-carboxyhexyl)quinolinium and
the chloride-insensitive chromophore tetramethylrho-
damine. The dextran conjugate was suitable for ratio-
metric measurements of chloride concentration in the
required concentration range and was insensitive to
changes in pH and to other potential interfering sub-
stances. The dual-wavelength sodium indicator used a
new chromophore synthesized by Molecular Probes Inc.
as a membrane-permeable mitochondrial [Na+] indica-
tor. Procedures were developed to immobilize the indi-
cator, together with the reference BODIPY-fl chro-
mophore, on small beads that could be readily added to
the ASL. The ratiometric sodium indicator had excellent
brightness and was sodium selective. Another key tech-
nical development was the rapid z-scanning confocal
microscopy to give micron-resolution accuracy in the
determination of ASL thickness. Finally, measurement
of ASL properties in the in vivo trachea required the
development of minimally invasive surgical procedures
to instill the fluorescent dyes and, if necessary, to expose
the posterior tracheal wall for direct visualization. We
felt that closure of the tracheal window and sponta-
neous breathing was important in order to measure
ASL properties under near physiological conditions.

The staining of ASL by engineered fluorescent indi-
cators provides a noninvasive approach to monitor ASL
properties continuously in vivo and without the uncer-
tainties associated with filter paper– or capillary-sam-
pling methods. In vivo measurements in larger animals
and human subjects should be feasible using fiberop-
tic bronchoscopy with fluorescence detection. The gen-
erally assumed role of the ASL in genetic and acquired
diseases of the airways such as asthma should now be
amenable to direct experimental verification.
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