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The mammalian lung expresses water channel aquaporin-1 (AQP1) in microvascular endothelia,
AQP4 in airway epithelia, and AQPS at the apical plasma membrane in type I cells of alveolar epithe-
lia. We previously studied the role of AQP1 and AQP4 in lung fluid transport using knockout mice.
Here, we examined the role of AQPS using AQPS knockout mice, which were recently shown to man-
ifest defective saliva secretion. AQPS deletion did not affect lung morphology at the light microscopic
level, nor did it affect the distribution or expression of aquaporins 1, 3, or 4. Airspace-capillary osmot-
ic water permeability (P¢) was measured in isolated perfused lungs by pleural surface fluorescence
and gravimetric methods. Pswas reduced 10-fold by AQPS5 deletion and was further reduced by 2- to
3-fold in AQP1/AQPS double-knockout mice. Hydrostatic lung edema in response to acute increases
in pulmonary artery pressure was not affected by AQPS deletion. Active alveolar fluid absorption was
measured in an in situ lung model from the increase in concentration of a volume marker in an isos-
molar alveolar instillate. Interestingly, fluid absorption did not differ in litter-matched AQPS knock-
out mice, nor was there an effect of AQPS5 deletion when fluid absorption was maximally stimulated
by pretreatment of mice with keratinocyte growth factor. These results indicate that AQPS is respon-
sible for the majority of water transport across the apical membrane of type I alveolar epithelial cells.
The unimpaired alveolar fluid clearance in AQPS-null mice indicates that high alveolar water per-

meability is not required for active, near-isosmolar fluid transport.

J. Clin. Invest. 105:93-100 (2000).

Introduction

The lung has exceptionally high epithelial and
endothelial water permeability (1). Very rapid osmot-
ically driven water transport between the airspace and
capillary compartments has been found in several
mammals, including mouse, rat, rabbit, and sheep
(2-4). The vast majority of the airspace surface con-
sists of alveolar type I epithelial cells. In isolation, type
I cells have the highest water permeability of any
mammalian cell type studied to date (5). Movement
of water from the airspace to the alveolar capillaries
also requires transit across the microvascular
endothelium, which also is highly water permeable
(6). The epithelium lining the airways, which makes
up a relatively small fraction of the total airway sur-
face, has substantially lower osmotic water perme-
ability (Pf) than does the alveolar epithelium or the
microvascular endothelium (7). It is believed that high
lung water permeability facilitates fluid absorption in
the perinatal lung and airspace hydration in the adult
lung, as well as the formation and resolution of pul-
monary edema (8, 9).

Several aquaporin-type water channels are expressed
in lung and are thought to be responsible for the high
lung water permeability. The aquaporins are a con-
served family of small water-transporting proteins, 10

of which have been identified in mammals with numer-
ous homologues in lower animals and plants. Three
aquaporins have been located in lung: AQP1 in
microvascular endothelia and some pneumocytes (2,
10-12), AQP4 in the basolateral membrane of airway
epithelium (13, 14), and AQPS in the apical membrane
of type L alveolar epithelial cells (14, 15). A fourth aqua-
porin, AQP3, is expressed in trachea and large airways
butnot in peripheral lung (10, 13). Expression of AQP4
and to a lesser extent AQP1 increases sharply around
the time of birth (16-18), and lung aquaporin expres-
sion appears to be regulated by various factors such as
corticosteroids, keratinocyte growth factor (KGF), and
lung injury (19, 20).

We recently generated knockout mice lacking the 3
lung water channels, each of which also is expressed
outside the lung. AQP1 knockout mice are unable to
generate concentrated urine (21) because of defective
isosmolar fluid absorption in proximal tubule (22) and
defective medullary countercurrent exchange (23). In
lung, AQP1 deletion produced a decrease of more than
10-fold in microvascular and airspace-capillary Py, as
well as a small decrease in hydrostatically driven lung
edema (24). AQP4 knockout mice manifest a minor
defect in urinary concentrating ability (25) resulting
from a 4-fold reduction of water permeability in inner
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medullary collecting duct (26). Also, these mice are pro-
tected against cerebral edema in response to acute
water intoxication and ischemic stoke (27). In lung,
AQP4 deletion did not affect water permeability or
alveolar fluid clearance (24). AQPS is a water-selective
channel expressed in type I alveolar cells and in the api-
cal membranes of serous acinar cells in salivary glands,
lacrimal glands, and surface corneal epithelial cells (10,
14, 15,28). We recently generated AQPS5-deficient mice.
These mice manifest defective agonist-stimulated sali-
va secretion, with the production of small quantities of
viscous hypertonic saliva (29). The defect in saliva secre-
tion in AQPS knockout mice and the defect in proxi-
mal tubule fluid absorption in AQP1 knockout mice
support the paradigm that high plasma membrane
water permeability is required for active, near-isosmo-
lar fluid absorption and secretion across epithelia (30).

The above considerations predict that AQPS may be
critical to both passive and active lung fluid transport.
We report here a comparison of osmotic water trans-
port, hydrostatic filtration, and active alveolar fluid
absorption in wild-type and AQPS knockout mice.
AQPS deletion produced a dramatic decrease in air-
space-capillary Pr, but did not affect active alveolar
fluid absorption, even when active fluid absorption was
maximally stimulated by B-agonists and KGF pretreat-
ment. These results have important implications
regarding the role of high alveolar epithelial water per-
meability and AQPS in lung physiology.

Methods
Transgenic mice. Transgenic knockout mice deficient in
AQPS were generated by targeted gene disruption as
described recently (29). Measurements were done in lit-
ter-matched mice (8-10 weeks of age; 20-25 grams in
body weight) produced by intercrossing CD1 het-
erozygotes. AQP1/AQPS double-knockout mice were
generated by serial breeding of AQP1 and AQPS5 knock-
out mice to yield double-heterozygous mice and then
double-knockout mice. Mice were housed in air-fil-
tered, temperature-controlled units with free access to
food and water. Genotype analysis of tail DNA was
done by PCR atage 5 days. To date, 443 mice have been
born from breeding AQPS5 heterozygous mice with a
genotype distribution of 187:171:85 wild-type/het-
erozygous/knockout. The investigators were blinded to
genotype information for all transport measurements.
Protocols were approved by the University of California
San Francisco Committee on Animal Research.
Isolated lung perfusion. Mice were euthanized with
intraperitoneal pentobarbital (150 mg/kg). The trachea
was cannulated with polyethylene PE-90 tubing and
the pulmonary artery with PE-20 tubing. The left atri-
um was either transected or cannulated with PE-20
tubing. The heart and lungs were moved en bloc to a
perfusion chamber for observation by epifluorescence
microscopy, or to a gravimetric apparatus (see below).
The pulmonary artery was gravity perfused at constant
pressure at room temperature. For measurement of air-

space-capillary water permeability, the airspace was
filled with 0.5 mL HEPES-buffered Ringer’s (HBR)
solution (137 mM NaCl, 2.68 mM KCl, 1.25 mM
MgSO4, 1.82 mM CaCl,, 5.5 mM glucose, 12 mM
HEPES, and 5% BSA; pH 7.4; 300 mOsm) containing
(for surface fluorescence measurements) FITC-dextran
(70 kDa; 0.5 mg/mL). The fluorescence intensity from
a spot 3-5 mm in diameter on the lung pleural surface
was monitored with an inverted epifluorescence micro-
scope using a fluorescein filter set.

Pleural surface measurement of osmotic water permeability.
For measurement of airspace-capillary Pf, an airspace-
to-perfusate osmotic gradient was generated by switch-
ing the perfusate between HBR and either HBR con-
taining 200 mM sucrose (500 mOsm) or HBR diluted
with water to 200 mOsm. The time course of pleural
surface fluorescence was monitored continuously. Pr

was computed using the equation:
Equation 1

P=[d(F/F,)/dt]io/[(S/Vo)vyAC]

where Pris the osmotic water permeability coefficient
(in cm/s), [d(F/F,)/dt]wo is the initial slope of the rela-
tive fluorescence vs. time data, S/V, is surface-to-vol-
ume ratio in cm, vy, (18 cm3/mol) is the partial molar
volume of water, and AC is the difference in osmolality
between perfusate and airspace fluids (3).

Gravimetric measurement of osmotic water permeability and
filtration. A gravimetric method was used to continuous-
ly monitor water content in the isolated perfused lung.
Lungs were suspended from a weight transducer (sensi-
tivity < 1 mg) and perfused as described above. The
cumulative weight of fluid exiting the lung was record-
ed continuously using a weight transducer to determine
perfusion rate. The pulmonary artery was gravity per-
fused with HBR. The trachea was transected and left
open to the air. For measurement of Py, the time course
of lung weight was determined in response to changes in
pulmonary artery perfusate osmolality from 300 mOsm
to 500 mOsm, or from 300 mOsm to 200 mOsm. For
measurement of hydrostatically driven edema (filtra-
tion), lung weight was measured in response to an
increase in pulmonary artery perfusate pressure from 8
cm H,O to 18 cm H,0, and then to 38 cm H,O at a con-
stant left atrial outflow pressure of 5 cm H,O. Lung
weight and perfusate flow were recorded by gravimetric
transducers and an analog-to-digital computer interface
(Biopak Inc., Santa Barbara, California, USA).

Measurement of alveolar fluid clearance. Mice were euth-
anized as described above and were maintained at
37-38°C using a heating pad, an infrared lamp, and an
intra-abdominal monitoring thermistor. The trachea
was cannulated with a 20-gauge trimmed Angiocath
catheter (Becton Dickinson, Sandy, Utah, USA) through
a tracheostomy. The lungs were inflated with 100% O,
at 7 cm H,O continuous positive airway pressure
throughout the experiment. To measure alveolar fluid
clearance, 10-13 mL/kg of instillate was delivered to
both lungs over 30 seconds through the tracheal can-
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nula. An alveolar fluid sample (50-100 pL) was aspirat-
ed with a 1-mL syringe connected directly to the
catheter. Lungs were removed by a median sternotomy,
and a blood sample was obtained from the heart. The
aspirate was centrifuged at 3,000 g for 10 minutes, and
the supernatant was assayed for protein concentration
and radioactivity.

The instillate consisted of Ringer’s lactate containing
BSA (5 g per 100 mL) and 13!I-albumin (0.1 uCi; Merck-
Frosst Canada, Montreal, Quebec, Canada) adjusted to
340 mOsm with NaCl to match the measured mouse
serum osmolality of 336 + 12 mOsm (mean + SD, n =
15). In some experiments, isoproterenol, terbutaline,
amiloride, or ouabain was added to the instillate. The
percentage fluid absorption at 15 minutes was com-
puted from the ratio of instilled and sample radioac-
tivities as described previously (24, 31). Alveolar fluid
clearance (AFC) was computed from the increase in

alveolar fluid albumin using the equation:
Equation 2

AFC = (ViFWi - VfFWf)/1 OOViFWi

where Fy, is the water fraction of the initial (i) and final
(f) alveolar fluid determined gravimetrically, V; is initial
alveolar fluid volume, and V¢is final alveolar fluid vol-
ume, determined from:

Equation 3

Vf = V|TP|Fr/TPf

where TP is total protein concentration and F; is the
fraction of alveolar radioactivity (obtained by y-count-
ing) in the lung at the end of the experiment.

KGF treatment. To maximize the rate of alveolar fluid
clearance, some mice were treated with recombinant
human KGF (Amgen Inc., Thousand Oaks, California,
USA) by intratracheal administration 72 hours before
clearance measurements, as done previously in rats
(32). Maximum alveolar fluid clearance in mice was
found at 72 hours (data not shown). A 24-gauge feed-
ing tube was used to instill either KGF (5 mg/kg) in
saline or saline alone (2 mL/kg) into the trachea of
methoxyflurane-anesthetized mice via the mouth.
After the saline/KGF bolus, 0.3 mL of air was instilled
into the trachea. After instillation, the mice were
allowed to recover from anesthesia and were main-
tained in their cages for 72 hours before clearance
measurements. KGF administration did not produce
morbidity or mortality in any mouse.

Northern blot, immunoblot, and RT-PCR analysis. AQPS
transcript and protein expression in lung were evaluat-
ed by Northern blot using the AQPS coding sequence as
probe, and by immunoblot using specific polyclonal
antibodies (21). Expression of transcripts encoding
other lung aquaporins was evaluated semiquantitative-
ly using RT-PCR. Peripheral lung cDNA was used as
template for PCR amplification of the full-length cod-
ing sequences of the 4 mouse lung aquaporins, using
primers flanking the coding sequences. Template con-
centration and the number of amplification cycles were

adjusted so that the amount of amplified product was
sensitive to transcript amount. Transcript amounts
from different mice were normalized by amplification
of a 500-bp fragment of B-actin.

Results

Figure 1a shows AQPS transcript and protein expres-
sion in lungs of wild-type mice, AQPS5 heterozygous
mice, and AQPS5 knockout mice. As expected, AQPS
transcript and protein were not detectable in the knock-
out mice. By quantitative immunoblot analysis, AQP5
protein expression was reduced by approximately 30%
in AQPS heterozygous mice compared with wild-type
mice. The effect of AQPS deletion on AQP1, AQP3, and
AQP4 transcript expression was examined by semi-
quantitative RT-PCR (Figure 1b). AQPS deletion did not
affect transcript expression of the other lung aquapor-
ins. Immunoperoxidase staining using specific anti-
bodies showed no difference in the expression pattern
of AQP1, AQP3, and AQP4 between wild-type and
AQPS knockout mice (not shown).

Osmotically driven water transport between the air-
space and capillary compartments was measured by the
established pleural surface fluorescence method using
both increases (300 to 500 mOsm) and decreases (300
to 200 mOsm) in perfusate osmolality to drive water
flow. Figure 2 shows original time-course data. In
response to the addition of 200 mM sucrose to the pul-
monary artery perfusate, there was an increase in pleu-
ral surface fluorescence as the fluorescent dye in the air-
spaces was concentrated (left). Removal of the sucrose
produced a reversible decrease in fluorescence with a
similar time course. Fluorescence reversibly decreased
and increased upon switching perfusate osmolalities
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Figure 1

Aquaporin expression and localization in lungs of wild-type (+/+)
mice, AQPS5 heterozygous (+/-) mice, and AQPS5 knockout (-/-)
mice. (a) Northern blot (left) and quantitative immunoblot analysis
(right) of AQPS expression in homogenates of whole lungs from mice
of indicated genotypes. (b) RT-PCR analysis of aquaporin expression
in mouse lungs. Fragments of B-actin, AQP1, AQP3, and AQP4 were
amplified by PCR using specific primers and the indicated amounts

of lung cDNA from mice with the indicated genotypes.
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between 300 and 200 mOsm (right). The rate of fluo-
rescence change provides a quantitative measure of Prof
the airspace-capillary barrier. Changes in fluorescence
were very rapid in wild-type mice as reported previous-
ly (4), with a Prof 0.022 cm/s. Changes in fluorescence
were slightly slowed in AQPS heterozygous mice, but
were remarkably slowed in AQPS5-null mice. Averaged
results are given in Figure 4.

Interestingly, the fluorescence curves for the AQPS5-
null mice showed a biphasic behavior consisting of a
small, prompt signal deflection (Figure 2, leftward
arrows) followed by a slower change in the fluores-
cence making up the majority of the signal ampli-
tude. As discussed previously (3), one source of a
prompt signal deflection in this assay is a change in
the light transmittance properties of the interstitium
that occurs as a consequence of water movement
between the capillary and interstitial compartments.
Water permeability of the microvascular endothelial
barrier in AQPS-null mice is high because AQP1
expression is unimpaired, so a change in perfusate
osmolality should produce a prompt change in inter-
stitial water content followed by a slower change in
airspace fluid osmolality. This interpretation is sup-
ported by measurements of lungs from AQP1-null
mice in which the small rapid signal deflection was
never seen (Figure 2). Similarly, the rapid signal
deflection was not observed in lungs from
AQP1/AQPS double-knockout mice, where water
permeability was markedly reduced.

280 mQOsm
++ A 330
300 T 300
¢ A 300 2 min
| —
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Figure 2

Airspace-capillary water permeability measured by a pleural surface
fluorescence method. Isolated lungs were perfused with solutions of
the indicated osmolalities, and the airspace was filled with an isos-
molar solution containing FITC-dextran, as described in Methods.
Representative time-course data shown for lungs of mice of indicated
genotypes. Osmolalities were switched between 300 mOsm and 500
mOsm (left), or 300 mOsm and 200 mOsm (right). Leftward arrows
in data from AQPS5 knockout mice point to an early phase of rapid sig-
nal change resulting from rapid transcapillary water transport.

Airspace-capillary Prwas determined by an independ-
ent gravimetric method in which changes in lung weight
were measured in response to changes in pulmonary
artery perfusate osmolality. In contrast to the pleural
surface fluorescence method, the gravimetric method
measures water permeability in alveoli throughout the
lung (not only at the pleural surface), and does not suf-
fer from artifacts related to the optical properties of the
interstitium. Figure 3 shows original lung weight curves
after changes in perfusate osmolality. Rates of lung
weight change related to osmotic water permeability
were remarkably slowed by deletion of AQPS and AQP1.
The weight curves for lungs of AQPS5-null mice some-
times showed a very small, prompt weight change (as dis-
cussed above), probably resulting from rapid changes in
interstitial water content. Prompt weight changes were
never seen in lungs from AQP1-null mice.

Figure 4 summarizes averaged Prvalues from a series
of pleural surface fluorescence measurements (Figure
4a) and rates of lung weight change from a series of
gravimetric measurements (Figure 4b). Both measure-
ment methods show a remarkable 10-fold decrease in
airspace-capillary water permeability in AQPS null mice,
similar to that found in AQP1 null mice. Water perme-
ability in AQPS heterozygous mice was reduced by
approximately 30% compared with wild-type mice.
Water permeability was further reduced in AQP1/AQPS
double-knockout mice.

Active alveolar fluid absorption was measured in an
in situ lung model from the increased concentration of
an impermeant volume indicator (!?’I-albumin)
instilled into the airspace at zero time. A 15-minute
endpoint was used because active alveolar fluid clear-
ance was found to be linear over this time. Figure 5a
shows rapid alveolar fluid clearance (12% in 15 min-
utes) in control wild-type mice that was increased to
18% in 15 minutes when [-agonist (isoproterenol or
terbutaline) was present in the instillate. Alveolar fluid
clearance was blocked by the transport inhibitors
amiloride and ouabain, indicating an active transport
process involving Na* channels and Na*/K* pumps.
The large percentage of inhibition caused by amiloride
in mouse lung has been noted previously (8), and is
probably related to the dominance of the epithelial Na*
channel (ENaC) as the principal pathway for apical
membrane Na* transport. Similar measurements done
in mice treated for 72 hours with KGF, an agent caus-
ing type II cell proliferation (20, 33), showed an alveo-
lar clearance rate of 28% in 15 minutes with isopro-
terenol stimulation.

Alveolar fluid clearance measurements were made
in wild-type mice and AQP5 knockout mice in the
presence of isoproterenol to maximally stimulate
fluid absorption and to eliminate uncertainties
about endogenous catechol concentration. Figure 5b
shows that alveolar fluid absorption did not differ
between litter-matched wild-type mice and AQPS-
null mice. There was little variability in clearance rate
from mouse to mouse. An additional set of compar-
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Figure 3

Airspace-capillary water permeability measured by a gravimetric
method. Isolated lungs were perfused, as in Figure 2, and lung weight
was measured continuously by a gravimetric transducer, as described
in Methods. Representative time-course data shown are for lungs of
mice of indicated genotypes. Pulmonary artery perfusate solutions
were switched as indicated. A 100-mg weight calibration was done
at the beginning of each experiment.

ative measurements was done in mice treated for 72
hours with KGF to increase alveolar fluid clearance
even more. Although there was more variability in
alveolar clearance rates in the isoproterenol-stimu-
lated lungs from KGF-treated mice, there was again
no difference in average fluid clearance between wild-
type and AQPS knockout mice (Figure 5b, right).
Extravascular lung water content was measured at
the end of each experiment by determination of lung
wet-to-dry weight ratios in which intravascular lung
water was corrected by hemoglobin assay of lung
homogenates and peripheral blood. Expressed as cor-
rected wet-to-dry weight ratios, AQPS5 deletion did
not affect extravascular lung water content. Mean *
SEM (in milligrams) for the mice represented in Fig-
ure Sb were 9.0 + 0.3 (wild-type), 9.2 + 0.4 (AQPS
knockout), 8.6 + 0.6 (wild-type, +KGF), and 8.8 + 0.3
(AQPS knockout, +KGF). These results indicate that
active alveolar fluid absorption was not affected
despite a 10-fold decrease in airspace-capillary Prin
AQPS-deficient mice.

Finally, increasing lung edema in response to a
hydrostatic driving force was measured gravimetri-
cally. Lungs were gravity perfused with an isosmolar
saline solution at a constant left atrial outflow pres-
sure of 5 cm H,0 and at different pulmonary artery
perfusate pressures. Our previous measurements
were done at an outflow pressure of 0 (transected,
noncannulated left atrium), which produced rela-
tively small and saturable changes in lung weight

(24). Maintenance of left atrial pressure at 5 cm H,O
produced a greater increase in lung weight in
response to increases in inflow pressure. Figure 6a
shows representative weight curves in which inflow
pressure was increased from 8 cm H,O to 18 cm H, O,
and then to 38 cm H,0. In response to an increase in
pressure to 38 cm H,O, there was an approximately
5-fold increase in filtration initially (note different
ordinate scale), followed by more rapid lung water
accumulation accompanied by overt alveolar flood-
ing with fluid overflow from the trachea. Qualita-
tively similar rates of lung water accumulation were
found in wild-type and AQPS-null mice. The quanti-
tative data summary in Figure 6b indicates that
AQPS deletion does not affect hydrostatically driven
lung water accumulation (filtration).

Discussion

The 10-fold decrease in the P¢of the airspace-capillary
barrier in AQPS5-deficient mice indicates that AQPS
provides the principal pathway for water movement
across the apical surface of the alveolar epithelium.
Because AQPS deletion should affect transcellular but
not paracellular water permeability, the reduced water
permeability in AQPS-null mice indicates that the pri-
mary route for water movement across the alveolar
epithelium is transcellular and through type I cells. The
minimal residual water permeability across the alveo-
lar apical surface after AQPS5 deletion may involve type
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Averaged airspace-capillary osmotic water permeability (mean *
SEM, n=7-10) determined from surface fluorescence measurements
(a) and rates of lung weight (J,) change in cm3/s per mOsm, del
Tdetermined from gravimetric measurements (b). *P < 0.01 vs. wild
type (+/+). **P < 0.0001 vs. wild type.
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which the airspace was instilled with an isosmolar solution containing 3'l-albumin as a volume marker. Alveolar fluid clearance is expressed
as percentage fluid absorption (mean * SD, n = 6-10 mice) at 15 minutes. (a) Measurements of lungs from wild-type mice. Where indicat-
ed, the instillate contained isoproterenol (0.1 mM), terbutaline (10 mM), amiloride (1 mM), or ouabain (0.1 mM), or measurements were
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II alveolar epithelial cells, the apical membrane lipid of
type I cells, and possibly as-yet unidentified water
transporters. Because the alveolar apical surface
becomes the rate-limiting barrier for airspace-capillary
water transport in AQPS knockout mice, the Prof 0.002
cm/s in AQPS knockout mice is approximately equal to
the Pr of the (hypothetically smooth) apical plasma
membrane of AQPS5-deficient type I cells. Because the
type I cell apical membrane is highly invaginated (5,
34), the intrinsic apical membrane Prof AQPS-deficient
cells is less than 0.001 cm/s, which is consistent with
the water permeability of lipid membranes not con-
taining water channels. The Profisolated rat type I cells
in suspension, where water moves across both apical
and basolateral plasma membranes, was 0.07 cm/s (5).
Assuming a similar Prin type I cells from mice, these
results suggest that the basolateral membrane has
greater water permeability than does the apical mem-
brane. No aquaporins have yet been located in the baso-
lateral membrane of type I cells, raising the possibility
of as-yet unidentified aquaporin or nonaquaporin
water-transporting proteins in lung. Homology
cloning may provide a useful strategy to identify new
aquaporin-type water channels using lung cDNA from
triple-knockout mice lacking AQP1, AQP4, and AQPS,
or quadruple-knockout mice using recently created
AQP3-null mice (35). We also note that transcripts
encoding the recently identified water channels AQP9
(36) and AQPIL (37) are expressed at low levels in lung,
and thus represent candidates for the alveolar basolat-
eral membrane water pathway.

An important function of the alveolar epithelium is
the active clearance of fluid from the airspaces. Alveolar
fluid absorption contributes to the resolution of pul-

monary edema in many clinical settings. Fluid absorp-
tion across the alveolar epithelium involves active salt
transport, which is energized by basolateral membrane
Na,K-ATPase and requires apical membrane Na* chan-
nels (ENaC and non-ENaC proteins) and possibly CI-
transporters. Recent data indicates that adenovirus-
mediated delivery of the Na,K-ATPase 1 subunit gene
can upregulate alveolar fluid clearance in rats (38). Water
transport is driven by osmotic gradients created by salt
transport by a presumed near-isosmolar transport mech-
anism in which small osmotic gradients drive water
movement across the highly water-permeable alveolar
epithelium. We reported that AQP1 deletion in kidney
proximal tubule inhibits active fluid absorption from
the tubule lumen (22), and that AQPS deletion in sali-
vary gland inhibits active fluid secretion into the lumen
of serous acini (29). The saliva produced by AQPS knock-
out mice was hypertonic because of salt secretion into
the acinar lumen without adequate amounts of water.
From these mechanistic considerations, it has been pos-
tulated that high alveolar epithelial water permeability
facilitates active airspace fluid absorption.

Active airspace fluid absorption was compared in
wild-type and AQPS knockout mice using an in situ
mouse model (39). The rate of B-agonist-stimulated
alveolar fluid absorption in this model (more than 1%
per minute) is higher than maximal rates of lung fluid
absorption in rat and larger animal models (8). Fluid
absorption rates of nearly 2% per minute were attained
in KGF-pretreated, B-agonist-stimulated mice. Our
mouse model with very rapid active alveolar fluid
absorption thus provides a sensitive test of whether
high alveolar epithelial water permeability is required
for active fluid absorption. It was found that AQPS dele-
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tion, which decreased alveolar epithelial water perme-
ability 10-fold, had no significant effect on alveolar
fluid clearance, even under maximal KGF induction and
B-agonist stimulation (32). There are several explana-
tions for this finding. First, the rate of airspace fluid
absorption is substantially less than the rate of active
fluid absorption (per unit surface area) in proximal
tubule and the rate of active fluid secretion in the pilo-
carpine-stimulated salivary gland acinus. In the latter
two systems, active fluid transport exceeds 0.5 JUL/min
per square micrometer of epithelial surface area (22, 29).
Using a mouse lung epithelial surface area of 600 cm?
(40), an active fluid absorption rate of 10 PL/min
(equivalent to 30% absorption in 15 minutes) gives a
rate of 0.016 PL/min per square micrometer, substan-
tially lower than that in kidney proximal tubule and
salivary gland. Slower rates of active fluid transport
probably do not require such high cell membrane water
permeability (30). Another consideration is that in the
alveolus, unlike the kidney proximal tubule and salivary
gland, salt and water move primarily through different
cells — type Il and type I cells, respectively. Therefore, 3-
compartment models using solute-solvent coupling to
accomplish isosmolar fluid transport probably do not
apply to the alveolar epithelium. Another difference
between active fluid transport in alveolus vs. kidney
proximal tubule and salivary gland is that fluid is rap-
idly cleared on both sides of the epithelium in kidney
(by lumen and capillary flow) and salivary gland (by cap-
illary flow and saliva expulsion from the acinus), where-
as fluid moves relatively slowly in the alveolar airspaces.

Our gravimetric measurements indicated that AQPS
deletion did not impair the accumulation of lung
edema driven by increased hydrostatic pressure. The
experimental conditions were selected so as to produce
alveolar edema because AQPS is located on the alveolar
epithelium and thus would not contribute to intersti-
tial edema involving fluid movement from the capillary
to interstitial compartments across the microvascular
endothelium. Mechanistically, it is understandable why
AQPS should not facilitate hydrostatically driven fluid
movement across the relatively tight alveolar epithelial
barrier. AQPS appears to be a water-selective transporter
with unity reflection coefficients for solutes (41, 42).
Therefore, solute-free water driven into the airspace
compartment by hydrostatic forces, unless accompa-
nied by solute entry, would be opposed by strong
osmotic driving forces. It is believed that the accumula-
tion of alveolar edema involves transient breakdown of
the integrity of the alveolar barrier, permitting the entry
of solutes and protein. Therefore, bulk movement of
fluid through rifts in the alveolar barrier would not be
expected to involve AQPS as found here.

Our results thus raise questions about the role of
AQPS in lung physiology. Although AQPS provides a
quantitatively important route for osmotically driven
water movement into and out of the airspaces, it does
not appear to facilitate hydrostatically driven lung
edema or active alveolar fluid absorption. Furthermore,

the minimal expression of AQPS5 in lung at the time of
birth, and the delayed appearance of AQPS after birth
suggests that AQPS is not involved in perinatal alveolar
fluid clearance (16-18). The tissue-specific expression
of a specific aquaporin by no means proves its physio-
logical significance, as we have found for AQP4 expres-
sion in gastric parietal cells and skeletal muscle plas-
malemma. Although AQPS5 is required for salivary gland
fluid secretion, the expression of AQPS in alveolar type
I cells and the very high alveolar epithelial water perme-
ability may represent an evolutionary remnant with lit-
tle physiological importance. Our data do not rule out
the possibility that AQPS is involved in other lung func-
tions such as gas exchange, maintenance of the alveolar
fluid subphase, and alveolar epithelial cell volume reg-
ulation; however, it is not clear how an apical membrane
water-transporting protein might be involved in these
processes. Last, it is possible that AQPS might function
in concert with other water or ion transporters. Demon-
stration of an overt phenotype in transgenic mice might
require generation of double- or multiple-knockout
mice lacking AQPS5 as well as other proteins.
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Gravimetric measurement of hydrostatically driven lung edema (filtra-
tion). Weight was monitored continuously in isolated lungs perfused
with an isosmolar solution at indicated hydrostatic pressures set by
adjusting reservoir height. The left atrium was cannulated, and out-
flow pressure was fixed at 5 cm H,O. (a) Representative weight curves
for mice of indicated genotypes. (b) Averaged filtration rates (mean +
SEM, n=5-7 mice in each group) at 1-3 minutes after increasing pul-
monary artery pressure from 8 cm H,O to 18 cm H,O and just after
increasing pressure from 18 cm H,O to 38 cm H,0. No significant dif-

ference was detected between wild-type and AQP57/~ mice.
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