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Aquaporin (AQP) water channels provide a major pathway for osmotically driven water
movement across epithelial and microvascular barriers in the lung. We used mice deficient in
each of the three principal lung aquaporins, AQP1, AQP4 and AQP5, to test the hypothesis
that aquaporins are important in neonatal lung fluid balance, adult lung fluid clearance and
formation of lung oedema after acute lung injury.

Wet-to-dry weight ratios (W/D) in lungs from wild-type mice decreased from 7-9 to 5:7 over
the first hour after spontaneous delivery. AQP deletion did not significantly affect W/D at
45 min after birth.

Alveolar fluid clearance was measured in living ventilated mice in which 0-5 ml saline
containing radiolabelled albumin was instilled into the airspaces. Fluid clearance was 17:4 %
in 15 min and inhibited >90 % by amiloride, but clearance was not affected by AQP deletion.

W/D was measured in established models of acute lung injury — acid aspiration and
thiourea administration. Two hours after intratracheal administration of HCl, W/D
increased from 3-7 to 7-5 but was not affected by AQP deletion. Three hours after intra-
peritoneal infusion of thiourea, W/D increased to 55 and marked pleural effusions
appeared, but there were no differences in wild-type and AQP knockout mice.

Hyperoxic subacute lung injury was induced by 95 % oxygen. Neither mean survival (143 h)
nor W/D at 65 h (5:1) were significantly affected by AQP deletion.

Despite their role in osmotically driven lung water transport, aquaporins are not required
for the physiological clearance of lung water in the neonatal or adult lung, or for the
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accumulation of extravascular lung water in the injured lung.

Water transport occurs during rapid fluid absorption in the
perinatal lung, airspace hydration in the adult lung, and
fluid accumulation/absorption in response to lung injury. In
normal lung, water permeabilities are exceptionally high in
alveolar epithelial and microvascular endothelial barriers
(Folkesson et al. 1994; Carter et al. 1996, 1998) and in

isolated type I alveolar epithelial cells (Dobbs et al. 1998).

Water permeability is moderately high across the epithelial
barrier in large and small airways (Folkesson et al. 1996;
Farinas et al. 1997). Airspace—capillary water permeability
increases near the time of birth (Carter et al. 1997).

It has been proposed that aquaporin-type water channels
may be important in physiological and pathophysiological
processes in the lung. Three aquaporins have been localized
in lung: AQP1 in microvascular endothelia and some
pneumocytes (Nielsen et al. 1993; Folkesson et al. 1994;

Schnitzer & Oh, 1996; King et al. 1997; Effros et al. 1997),
AQP4 at the basolateral membrane of airway epithelium
(Frigeri et al. 1995; Nielsen et al. 1997), and AQP5 at the
apical membrane of type I alveolar epithelial cells (Nielsen et
al. 1997; Funaki et al. 1998). The expression of AQP1 and
AQP4 are strongly upregulated near the time of birth,
whereas AQP5 expression increases slowly during the first
week of life (Umenishi et al. 1996; Yasui et al. 1997).
Recently, decreased AQP1 and AQP5 expression were found
after acute viral infection in lung (Towne et al. 2000),
suggesting a role for aquaporins in lung fluid accumulation.
Each of the lung aquaporins has been deleted in mice by
targeted gene disruption. In lung, deletion of AQP1 produced
a 10-fold decrease in osmotically driven water transport
between the airspace and capillary compartments, and an
even greater decrease in transcapillary water permeability
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(Bai et al. 1999). AQP1 deletion produced a small decrease in
transcapillary water movement in response to hydrostatic
pressure differences, but did not affect active near-
isosmolar alveolar fluid reabsorption. In AQP1-deficient
mice, AQP4 deletion further decreased airspace—capillary
water permeability (Song et al. 2000), indicating that the
small airways offer a small contribution to net lung water
permeability. AQP5 deletion produced a 10-fold decrease in
airspace—capillary water permeability, but had no effect on
hydrostatically driven lung fluid accumulation or active
alveolar fluid absorption (Ma et al. 2000). Water transport in
mice lacking AQP1 and AQP5 was reduced nearly 30-fold
(Ma et al. 2000). It was concluded from these results that
aquaporins provide a major route for osmotically driven
water transport across epithelial and endothelial barriers in
lung.

The purpose of this study was to test the hypothesis that
the three principal lung aquaporins play a role in several
important physiological processes: fluid absorption in the
neonatal lung, alveolar fluid clearance in the in wvivo adult
lung, and lung oedema in response to a lung injury. Studies
of fluid accumulation in the neonatal lung required
harvesting of lungs (from heterozygote breedings) at specified
times after spontaneous delivery. For studies in the adult
lung, experiments were done on wild-type and knockout
(null) mice deficient in each of the lung aquaporins in which
the investigator was blinded to genotype information until
completion of the analysis. The principal finding was that
despite their proven role in osmotically driven lung water
transport, the three major lung aquaporins do not appear to
have an important role in physiological lung fluid balance.

METHODS
Transgenic mice

Transgenic knockout mice deficient in AQP1, AQP4 and AQP5
proteins were generated by targeted gene disruption as described
previously (Ma et al. 1997, 1998, 1999). Litter-matched mice aged
8—10 weeks with a CD1 genetic background were used. The mice
had free access to water and food and were kept in a standard air-
filtered ventilated animal house with 12 h light cycles. A total of
19 pregnant mice (and 113 pups therefrom), 64 wild-type mice,
35 AQP1 null mice, 35 AQP4 null mice, 35 AQP5 null mice and
6 AQP1—-AQP5 double knockout mice were used. In all studies the
investigator was blinded to mouse genotype until completion of
the data analysis. All protocols were approved by the University
of California, San Francisco Committee on Animal Research.

Lung fluid clearance in neonatal mice

Timed-pregnant mice were obtained from breeding of pairs of
aquaporin heterozygous mice. From 1 day before the expected
delivery, pregnant mice were observed every 15—30 min by one of
the investigators. Only pups from observed spontaneous deliveries
(50—60 % of deliveries) were used. The mice usually delivered in the
early morning hours and generally the duration of spontaneous
delivery was ~90 min, with 4—10 min between pups. The exact time
of delivery of each pup was recorded. After the mother cleaned the
pup, it was placed in a marked aluminum dish on soft cotton. At a
specified time the pup was weighed and killed by decapitation. The
chest was opened via a mid-line incision, the lungs were carefully
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dissected from large airways, heart and mediastinal structures, and
excess fluid was absorbed with soft tissue paper. A segment of tail
was removed for genotype analysis. The lungs were immediately
weighed in pre-weighed aluminum dishes (wet weight), and again
after 72 h at 70 °C in a drying oven (dry weight) for computation of
the wet-to-dry weight ratio (W/D).

Alveolar fluid clearance in ventilated lungs of adult mice

Mice were anaesthetized with pentobarbital (50 mg kg™ 1.p). The
trachea was cannulated through a tracheotomy and lungs were
mechanically ventilated using a mouse ventilator (Harvard
Apparatus, Holliston, MA, USA) (inspired O, fraction 1-0, tidal
volume 9-10 ml kg™, respiratory rate 90 breaths min™, peak
airway pressure 8—12 ecmH,0, positive end-expiratory pressure
2-3 ¢cmH,0). Body temperature was kept constant at 37-38 °C
with an infrared lamp. After 20 min, the lungs were infused via
the trachea with 10—13 ml (kg body weight)™ Ringer lactate
solution (340 mosmol kg™ (to match mouse serum osmolality), 5%
bovine albumin) containing 0-1 xCi *'I-labelled albumin. In some
experiments, isoproterenol (107 ar) or amiloride (107 M) was added
to the instillate solutions. Fluid samples were withdrawn 15 min
after airspace infusion. Blood samples were obtained by cardiac
puncture and lungs were removed through a sternotomy. Alveolar
fluid samples were assayed for total protein concentration. Alveolar
fluid clearance was computed from radioactivities and protein
concentrations as described (Bai et al. 1999; Fukuda et al. 2000).
Extravascular lung water was calculated from wet and dry weights
of blood and lung homogenates as described by Jayr et al. (1994).
Acid aspiration lung injury

An established acid aspiration model was used (Folkesson et al. 1995,
1997). Adult mice were anaesthetized using inhaled isoflurane
(Rezaiguia-Delclaux et al. 1998). In the supine position, a mid-line
incision was made in the skin of the neck, and the trachea was
exposed. A 25-gauge feeding catheter was passed via the mouth
into the trachea just above the carina. HCI (0:063 M) in 1/3 normal
saline (pH 1-2, 4 ml kg™) was rapidly instilled during a spontaneous
inspiration. Control mice were instilled with 1/3 normal saline
without added HCI. The mouse was moved around and rotated to
ensure that the instillate was distributed throughout the lungs. The
skin was closed with 3-0 silk suture and the mouse was returned to
the cage with free access to food and water. There was little
evidence of increased respiratory effort. No mouse died or was
killed because of overt respiratory distress. After 2 h, mice were
killed with an overdose of pentobarbital (150 mg kg™ 1.p), a mid-
line abdominal incision was made, and the descending aorta was
incised for blood collection. The chest was opened by a median
sternotomy, and the lungs were isolated and placed in a pre-
weighed container. After addition of 1 ml distilled water, lungs
were homogenized for determination of W/D and haemoglobin
concentration (see details below).

Hyperoxic lung injury

Mice were kept in a large sealed Lucite chamber with constant inflow
of 100% oxygen to maintain a > 95% oxygen content (measured
by oxygen sensor probe, Teledyne Analytical Instruments); the
continuous flow flushed away expired carbon dioxide. The mouse
had free access to food and water with 12 h light—dark cycles. In
one set of studies, mouse survival was recorded. Mice were
observed every 6 h or less, and dead mice were removed from the
chamber. In a separate set of studies, mice were removed from the
chamber at 65 h, and blood samples and lungs were harvested as
described above. Mice were killed by an overdose of pentobarbital
(150 mg kg™ 1.p) at the end of the study.
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Thiourea-induced lung injury

An established thiourea lung injury model was used (Mais & Bosin,
1984). Mice were infused intraperitoneally with thiourea (Sigma)
dissolved in saline (5 mg mI™) at a dose of 10 mg kg™, Control mice
were infused with saline which did not contain thiourea. Mice were
returned to a clean cage and given free access to food and water.
After 3h, mice were killed with an overdose of pentobarbital
(150 mg kg™ 1.P) and the abdominal cavity was opened for blood
collection from the aorta. The pleural cavities were carefully opened
for aspiration of pleural fluid into pre-weighed vials. Lungs were
isolated and homogenized as described above.

Measurement of lung wet-to-dry ratios

In lung injury models, blood samples (1—1-2 ml) were assayed for
haemoglobin concentration and wet/dry weight ratios. Lungs were
weighed, homogenized (after addition of 1 ml distilled water), and
the homogenate was weighed. A portion of the homogenate
(~0-6ml) was centrifuged (16000g, 8min) for assay of
haemoglobin concentration in the supernatant. The remainder of
the lung homogenate was dessicated in an oven (70 °C for 24 h) for
determination of dry weight. Lung wet-to-dry weight ratio (W /D)
was computed from lung wet and dry weights, lung and blood
haemoglobin concentrations, and blood wet and dry weights by
standard procedures (Jayr et al. 1994).

RESULTS

Lung fluid clearance in the neonatal mice

As a quantitative measure of fluid clearance in neonatal
lungs, wet-to-dry weight ratios (W/D) were measured in
lungs removed from pups killed at specified times after
spontaneous delivery. The time course of W/D for a series of
wild-type mice was first established. As summarized in
Fig.14, W/D values decreased sharply over the first hour
after delivery, and continued to decline during the first 12 h.
Further analysis showed no systematic difference in W/D
ratios in pups from different mothers, or in pups delivered at
the beginning versus the end of labour (not shown). There
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was no observed mortality between the time of birth and
the time of Killing. We therefore chose to make subsequent
comparisons in pups from breeding of AQP heterozygous
mice 45 min after birth. It was reasoned that inhibition of
fluid clearance would be apparent as an increase in W/D at
45 min; in addition, uncertainties in recording the exact
time of delivery are minimal at 45 min, but could be
substantial at earlier times.

Mean total body weight for pups was not affected by AQP
deletion: 1:48 + 0:04 g (wild-type), 1:52 + 0:04 g (AQP1
knockout), 1-50 £+ 0:03 ¢ (AQP4) and 1:48 4+ 0-09 g (AQP5)
(P =090 between groups, ANOVA). The pups were not
distinguishable in terms of appearance or activity level.
Figure 1B shows that W/D values did not differ significantly
in wild-type versus AQP heterozygous and knockout pups.
For comparison, based on exponential regression of the data
in Fig. 14, predicted W/D values are provided for 25, 50
and 75% inhibition of fluid clearance (vertical dashed lines).
These results show that AQP deletion does not affect
physiological alveolar fluid clearance in neonatal mice.

Lung fluid clearance in ventilated adult mice

Previous measurements of alveolar fluid clearance in mice
were done in isolated lungs ex vivo or in in situ perfused
lungs in dead mice. In the present experiments, alveolar
fluid clearance was measured in living ventilated mice.
Lungs were instilled with 10—13 mg kg™ of an isosmolar
solution, a volume that was tolerated well by ventilated
mice. After 15min, a small airspace fluid sample was
removed for determination of alveolar fluid clearance and
the lungs were harvested for determination of extravascular
lung water content. As summarized in Fig. 24, alveolar fluid
clearance was 116 % in control wild-type mice, inhibited by
90% by the apical Na® channel blocker amiloride, and
increased by 51% by the g-agonist isoproterenol. These
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Figure 1. Lung fluid clearance in neonatal mice \%\{,»__% _________ '
A, wet-to-dry weight ratios (W /D) of lungs removed from pups at st - %
indicated times after spontaneous delivery in wild-type mice. Each 0 > 4 5 s 10 12
time point is the mean and s.E.M. for data from 6 pups. B, W/D of time (n)
lungs 45 min after spontaneous delivery in pups from breeding of B 259

AQP heterozygous mice. Values are means and s.e.m. for data from
5-10 wild-type and AQP null pups and 6—16 AQP heterozygous
pups. Dashed lines indicate predicted W/D values for the indicated AQPT-
percentages of inhibition of fluid clearance, assuming an exponential | \

decrease in W/D. Differences in W/D not significant (ANOV A,

P =082 between each group).
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Figure 2. Alveolar fluid clearance in adult ventilated
mice

A, alveolar fluid clearance in mice of indicated genotype
measured 15 min after instillation of an isosmolar solution
containing a membrane-impermeant volume marker (see
Methods). Where indicated, instillate solutions contained
isoproterenol (107 m) or amiloride (107 ). Differences among
genotypes in the isoproterenol (isoprot) group were not
significant (P> 0-1 ANOVA). B, extravascular lung water
measured at 15 min after fluid instillation. Differences not

significant (P> 0-1 ANOVA).
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findings are in general agreement with data from the isolated
and in situ perfused lung models in mice (Garat et al. 1998;
Bai et al. 1999; Ma et al. 2000).

Alveolar fluid clearance was compared in wild-type and
AQP knockout mice with isoproterenol stimulation in order
to maximize fluid clearance and to avoid uncertainties in
endogenous catacholamine levels. Figure 24 shows no
significant effect of deletion of AQP1, AQP4 and AQP5 on
alveolar fluid clearance. Deletion of AQP1 and AQP5 were
found to individually inhibit airspace—capillary osmotic
water permeability approximately 10-fold (Bai et al. 1999;
Ma et al. 2000). In addition, alveolar fluid clearance was
not affected by deletion of AQP1 and AQP5 together, a
manouevre which decreased airspace—capillary water
permeability 30-fold. Fluid from the alveolar compartment
is cleared by active transport across the alveolar epithelium
into the interstitium, followed by transport into the
microvasculature and drainage into lymphatics. To estimate
lung interstitial water content in the mice studied here,
extravascular lung water was determined as described in
Methods. Figure 2B shows that total extravascular lung was
not significantly affected by AQP deletion. Together these
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results provide evidence against a role of lung aquaporins in
alveolar fluid clearance.

Lung fluid accumulation in an acid aspiration model
of lung injury

Acid aspiration is a clinically relevant model of acute lung
epithelial injury. Intratracheal instillation of fluid (acid-
containing or control) in anaesthetized mice often produced
transient apnoea followed by wheezing; however, ~90 % of
the mice recovered from anaesthesia and were able to eat
and drink with little or no apparent distress. Mice were
killed 2 h after acid/saline instillation. Lungs from most
acid-treated mice had a mildly bloody appearance, which
was never seen in saline-treated mice. Figure 3 shows
significantly increased W/D values in acid-treated mice.
AQP deletion did not affect lung water accumulation. Blood
haemoglobin concentrations measured at the time of death
were not significantly different (12-8 4 1:6 g d1™" (wild-type),
132 4+ 1-3 g dI™ (AQP1 knockout), 11-9 + 1+7 g dI™" (AQP4),
12:6 4 0-7 g dI™ (AQP5)), suggesting that altered hydration
resulting from renal abnormalities (e.g. nephrogenic diabetes
insipidus in AQP1 null mice; Ma et al. 1998) was not a factor
in lung fluid accumulation.

Figure 3. Increased lung water 2 h after acid aspiration

Anaesthetized mice underwent tracheotomy and instillation of

4 ml kg™ of either 1/3 normal saline (control mice) or pH 1-2 HCI
(see Methods). Lungs were harvested after 2 h for determination of
W/D. Data are means and s.E.M. for 5—7 mice per genotype.
Differences among genotypes in acid-treated mice were not
significant (P > 0-05 ANOV A); the difference between saline- and
acid-treated mice was significant (P < 0:01).
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Figure 4. Survival and increased lung water after hyperoxic
lung injury

Mice were maintained on normal food and water in a 95 % oxygen
atmosphere. 4, mean survival time in mice of indicated genotype

(6 mice per genotype). Differences were not significant (P > 0:05
ANOVA). B, in a separate set of mice, lungs were harvested after
65 h of hyperoxia for determination of W/D. W/D values are means
and s.E.M. for 5—8 mice per genotype. Differences in W/D in lung
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from hyperoxia-exposed mice were not significant (P> 0-05

ANOVA).

Lung fluid accumulation and survival in a model of
hyperoxic lung injury

Hyperoxic lung injury was produced by placing mice in a
normobaric chamber containing a 95% oxygen atmosphere.
Survival was taken as the endpoint in the first set of
studies. Generally the mice showed normal activity during
the first day, decreased activity on the second day, and then
lethargy and mild difficulty breathing. The first mouse died
at 84 h and the last at 174 h. Examination of lungs at
autopsy showed a homogeneous haemorrhagic appearance.
Figure 44 shows that mean survival time was 143 h in
wild-type mice, and was not significantly affected by AQP
deletion.

In the second set of studies, mice were killed after 65 h of
hyperoxia for determination of lung fluid accumulation.

Figure 5. Increased lung water and development of pleural

effusions in thiourea-induced lung injury
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Figure 4B shows increased W/D values in mice exposed to
hyperoxia, without significant effect of AQP deletion. Blood
haemoglobin concentrations were similar in each group:
(136 + 06 gdl™ (wild-type), 143+ 11 gdl™ (AQP1),
147 + 1-4 g dI™ (AQP4) and 16-2 + 1-2 ¢ dI™" (AQP5)). The
mildly greater haemoglobin concentrations in this study
might be related to mild dehydration and/or increased
erythropoesis. Aquaporins thus do not play a role in the
pathophysiology of hyperoxic lung injury:.

Lung fluid accumulation and pleural effusion in
thiourea-induced lung injury

Intraperitoneal infusion of thiourea produces acute lung
endothelial cell injury. Mouse activity and appearance were
normal after thiourea infusion. After 3 h mice were killed.
Their lungs appeared to be moderately damaged without

Lung injury was induced by intraperitoneal injection of 10 mg kg™
thiourea. 4, lungs were harvested 3 h after thiourea injection for
determination of W/D. W/D values are means and s..m. for

5-10 mice per genotype. Differences between thiourea-treated mice
were not significant (P = 0:2 ANOVA); the difference between
control and thiourea-treated mice was significant (P < 0-02). Control
mice were injected identically but without thiourea. B, amount of
pleural fluid (mean and s.E.M.) in the same mice 3 h after thiourea
injection. Differences in thiourea-treated mice were not significant

(P =085 ANOVA).
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haemorrhage, and there was a marked accumulation of non-
bloody clear pleural fluid. Figure 54 shows that thiourea
produced accumulation of lung water with W/D increasing
to 53 in wild-type mice. However, there was no effect of
AQP deletion on lung water accumulation. Blood haemo-
globin concentrations were: 12:9 + 0-4 g dl™ (wild-type),
1524+ 1-0gdl™ (AQP1), 12:24+0:6gdl™ (AQP4) and
13:44+0-2gdl™ (AQP5). Figure 5B shows marked
accumulation of pleural fluid in thiourea-treated mice, but
with similar pleural fluid accumulation in wild-type and
AQP knockout mice.

DISCUSSION

The principal conclusion of this study was that despite their
demonstrated role in epithelial and endothelial osmotic
water permeabilities, the major lung aquaporins do not
appear to play an important role in active alveolar fluid
clearance in the neonatal and adult lung, or in the
accumulation of pulmonary oedema in various types of
acute lung injury. This finding is in contrast to the proven
role of aquaporins in kidney (Deen et al. 1994; Ma et al.
1998; Schnermann et al. 1998; Chou et al. 1999; Pallone et
al. 2000), salivary gland (Ma et al. 1999), brain (Manley et al.
2000) and other organ systems. A role for aquaporins in lung
physiology had been assumed based on the specific
aquaporin expression pattern, the high water permeabilities
at sites of aquaporin expression, the altered aquaporin
expression after insults such as acute viral infection, and as
discussed below, the correlation between developmental
aquaporin expression and increased airspace—capillary water
permeability. The negative results reported in these studies
suggest that interventions to inhibit or increase water
permeability in the lung would have little clinical utility.

In the prenatal lung, the distal airway epithelium actively
secretes Cl™ into the lumen which creates an osmotic gradient
to drive water transport into the airspace compartment.
The airspace fluid is isosmolar with plasma, but is relatively
high in K" and CI7, and low in HCO,~ and protein (Bland,
1991). Near the time of birth net fluid secretion decreases
and the amount of luminal liquid decreases. During labour
and the postnatal period the pulmonary epithelium becomes
a predominantly Na® absorbing membrane (Bland, 1990).
Fluid absorption in neonatal lung has been divided into a
rapid phase, within 60 min after birth, followed by a slower
phase. We found that 50% of the luminal fluid was
absorbed within ~25min, with a fluid absorption rate
substantially greater than that in adult mice. Finely et al.
(1998) reported that alveolar fluid clearance in guinea-pig
neonatal lung rapidly decreased from the time of birth and
reached adult levels at postnatal day 5. The high alveolar
clearance was mediated by increased plasma catecholamine
concentrations after spontaneous delivery. Just before birth,
there is upregulation of Na",K™-ATPase (Folkesson et al.
1998). The ENaC Na' channel plays an important role based
on inhibition of fluid clearance in the postnatal lung by
amiloride (O’Brodovich et al. 1990; Finely et al. 1998), and
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the early death of a-ENaC knockout mice (Hummler et al.
1996).

Aquaporin expression in lung is minimal before birth, but
there is a sharp increase in AQP4 expression near the time
of birth and a less dramatic increase in AQP1 expression
(Umenishi et al. 1996; Yasui et al. 1997); AQP5 expression
increases slowly over the first week of life. In rabbits,
the increased lung aquaporin expression correlated with
increased airspace—capillary osmotic water permeability
(Carter et al. 1997). It was also found that glucocorticoid
administration increased AQP1 expression in neonatal rats
(King et al. 1996). However, despite these lines of indirect
evidence suggesting a role for aquaporins in neonatal lung
fluid clearance, we found no effect of AQP1, AQP4 or AQP5
deletion on lung water content in the first hour after birth,
nor was pup survival over the first day of life impaired by
aquaporin deletion. Thus, water transport in neonatal lung
is not a rate-limiting step in the active transport of fluid out
of the airspaces across the lung epithelium or for removal of
water from the lung interstitium across the endothelium.

We reported previously using perfused and in sitw lung
models that aquaporin deletion does not impair alveolar
fluid clearance in the adult lung (Bai et al. 1999; Ma et al.
2000). Fluid absorption across the alveolar epithelium
involves active Na" transport, which is energized by the
basolateral membrane Na',K™-ATPase and requires apical
membrane Na' channels (ENaC and non-ENaC proteins)
and possibly Cl™ transporters (Matalon & O’Brodovich,
1999). Water is osmotically driven from the airspace to
interstitial compartments, where it is subsequently removed
by transport into pulmonary microvessels and drainage into
lymphatics (Berthiaume et al. 1989). Alveolar fluid clearance
in the mouse has been shown to be very rapid, strongly
inhibited by amiloride, and increased by f-agonists (Garat
et al. 1998). In this study we used a ventilated adult mouse
model to study in vivo alveolar fluid clearance. The ventilated
mouse model preserves blood flow and normal pulmonary
pressures. Alveolar fluid clearance in living mice was rapid,
amiloride inhibitable, and isoproterenol stimulated. However,
aquaporin deletion did not affect alveolar fluid clearance,
even in AQP1-AQP5 double knockout mice where
osmotically driven water permeability was decreased
~30-fold compared with wild-type mice. Together our
results indicate that in wivo alveolar fluid clearance in
neonatal and adult mice does not require aquaporins.

Three established models of acute/subacute lung injury
were used to test the hypothesis that the aquaporins play a
role in lung fluid accumulation following injury. Acid
aspiration is a common clinical cause of increased-
permeability pulmonary oedema. The aspiration of acidic
stomach fluid produces an inflammatory pneumonitis
(Cassiere & Niederman, 1998; Matthay et al. 1996). Acid
aspiration results in injury to the alveolar epithelium and
marked inflammation with neutrophil recruitment and
release of numerous mediators of inflammation (e.g. tumour
necrosis factor and interleukin-1) and oxygen radicals
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(Weiser et al. 1997). In our study the aspiration of stomach
contents was mimicked in using a hypo-osmotic, low pH
solution as established previously (Folkesson et al. 1995,
1997). Lung water accumulation was assayed 2 h after acid
instillation, a time selected based on previous work at which
there was a substantial increase in W/D yet minimal animal
distress. Control studies showed that instillation of non-
acidic fluid did not result in increased lung water, whereas
acid instillation caused a remarkable increased in W/D.
However, aquaporin deletion did not affect the amount of
lung water accumulation.

Hyperoxia is an important experimental model of subacute
lung injury that has clinical relevance to the adult respiratory
distress syndrome, where 100% oxygen is sometimes
required to prevent hypoxaemia. Sustained hyperoxia can
produce endothelial and epithelial cell damage in the lung,
with increased permeability, neutrophil recruitment, and
release of oxygen free radicals, cytokines and other
mediators of inflammation (Folz et al. 1999). Numerous
hyperoxia-induced lung injury animal models have been
described. In rats, hyperoxia produced an increase in lung
wet-to-dry ratio from 51 to 63 after 60h (Clerch &
Massaro, 1993). In one study in mice, exposure to > 95%
oxygen for 5 days did not induce an increase in lung wet-to-
dry weight ratio (Arkovitz et al. 1997); however, a
substantial increase in lung water was reported in other
studies (Folz et al. 1999). In our experiments, the oxygen
concentration was maintained above 95% at all times.
Although there was considerable variability in the degree of
hyperoxia-induced lung injury from mouse to mouse, on
average there was no effect of aquaporin deletion on survival
or lung fluid accumulation.

A third commonly used model of lung injury is that induced
by a-naphthylthiourea (ANTU), which produces marked
pulmonary oedema and pleural effusions resulting from
increased permeability changes in the lung microvasculature
(Latta, 1947; Pine et al. 1976). Morphological studies by
light and electron microscopy indicated that the capillary
endothelial cell is the primary cellular target of ANTU
toxicity (Cunningham & Hurley, 1972; Meyrick et al. 1972).
Two hours after thiourea injection in mice, lung wet-to-dry
weight ratio increased, was maximal at 3—6 h, and then
decreased slowly with generally full recovery by 24 h (Mais
& Bosin, 1984). In our study, intraperitoneal thiourea
infusion produced marked accumulation of lung water and
formation of pleural effusions. However, aquaporin deletion
neither affected the amount of lung water accumulation nor
the size of the pleural effusions.

Together these studies provide evidence against an
important role of lung aquaporins in the clearance of
oedema fluid from the airspace in the neonatal and adult
lung, and in the response of the adult lung to different
forms of lung injury. Although aquaporins are responsible
for high osmotic water permeabilities in lung, neither
aquaporins nor high lung water permeabilities appear to be
important in regulating lung fluid balance at the time of
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birth or after clinically relevant forms of experimental lung
injury. The major difference between the lung and tissues in
which aquaporins have been shown to be important, such as
kidney and salivary gland, is that the absolute rates of fluid
movement across epithelia and endothelia are substantially
lower in the lung. Active fluid clearance involves water
movement driven by osmotic gradients. Slow rates of fluid
movement probably do not require high water permeability
because of the increased time available for osmotic
equilibration across epithelial or endothelial barriers. Because
paracellular water permeability is probably substantially
greater than transcellular water permeability in lung micro-
vessels (Song et al. 2000), as is the case in renal microvessels
(Pallone et al. 2000), it is unlikely that a microvascular
endothelial water channel would be important in
physiologically relevant types of water transport that do not
involve osmotic gradients of small solutes. In addition,
various non-osmotic types of fluid movement occur in lung
such as hydrostatic filtration and lymphatic drainage. As
reviewed recently (Verkman et al. 2000) hydrostatically
driven lung oedema generally involves transient breakdown
of the alveolar epithelial barrier. Although we believe that it
is unlikely, our studies do not rule out the possibility that
aquaporins might be important in other forms of lung
injury not tested in these studies, or that aquaporins might
be important in human but not rodent lung physiology. We
reported recently that AQP1 does not facilitate carbon
dioxide transport in the in vivo lung (Yang et al. 2000);
however, there may be other as yet unidentified novel
functions of aquaporins in lung. Finally, although we
conclude that aquaporins are probably not important in the
physiology and pathophysiology of fluid movement in
peripheral lung, they may be important in the larger
airways in airspace humidification, airway surface liquid
fluid properties, and in the pathophysiology of diseases such
as cystic fibrosis.
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