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Abstract

 

Lung fluid is reabsorbed rapidly at birth to permit alveolar

respiration. We reported previously that expression of aqua-

porins (AQP) 1, 4, and 5 in rat lung increased just after

birth. The hypothesis was tested that the increased AQP ex-

pression is associated with increased osmotic water perme-

ability (P

 

f

 

) between the airspace and capillary compart-

ments. P

 

f

 

 was measured in isolated perfused fetal and

newborn rabbit lungs using a pleural surface fluorescence

method (Carter, E.P., M.A. Matthay, J. Farinas, and A.S.

Verkman. 1996. 

 

J. Gen. Physiol.

 

 108:133–142). In response

to perfusate osmolality increase from 300 to 600 mosM, ini-

tial rates of osmotic equilibration were 1.13

 

6

 

0.13 mosM/s at

0–12 h after birth, increasing to 1.52

 

6

 

0.19 mosM/s at 12–24 h,

and 1.83

 

6

 

0.10 mosM/s at 24–84 h. Corresponding P

 

f

 

 val-

ues (in cm/s 

 

3

 

 10

 

2

 

2

 

), computed from d[mosM]/dt and alveo-

lar surface-to-volume ratios, were 1.03

 

6

 

0.11 (0–12 h),

1.51

 

6

 

0.16 (12–24 h), and 1.88

 

6

 

0.09 (24–84 h). P

 

f

 

 was rela-

tively low in prenatal (1.22–1.27, fetal days 29 and 31) and

adolescent (1.25

 

6

 

0.08, 21-d) rabbit lungs. To test for in-

volvement of molecular water channels, measurements were

made of Arrhenius activation energy (E

 

a

 

), mercurial inhibi-

tion, diffusional water permeability (P

 

d

 

), and AQP expres-

sion. Temperature-dependence measurements showed a 25%

decrease in E

 

a

 

 for P

 

f

 

 in lungs 

 

,

 

 1 d vs. 4 d. P

 

f

 

 was decreased

30% by 0.5 mM HgCl

 

2

 

 in 

 

,

 

 1-d lungs and 44% in 4-d lungs.

P

 

d

 

 was 1.0 

 

3

 

 10

 

2

 

5

 

 cm/s and did not change when P

 

f

 

 was in-

creased by 75%. RNase protection assay showed increased

transcript expression in the first 24 h after birth for rabbit

isoforms of AQP1 and AQP4. These results provide the first

functional data on water permeability in perinatal lung. The

increased water permeability after birth may facilitate the

maintenance of dry alveoli. (

 

J. Clin. Invest. 

 

1997. 100:1071–

1078.) Key words: aquaporins 

 

• 

 

water transport 

 

• 

 

fluores-

cence 

 

• 

 

development 

 

• 

 

lung

 

Introduction

 

The movement of water between the airspace and blood com-
partments of the lung is a developmentally and hormonally
regulated process. During prenatal intrauterine life, the lungs
remain filled by the continuous secretion of fluid whose com-
position is distinctly different from plasma and amniotic fluid
(1). Fluid secretion is driven by chloride transport, resulting in
osmotic water movement into the fluid-filled airspaces. At the
onset of labor, fluid secretion falls by 

 

z

 

 50% (2), and reab-
sorption, driven by active sodium transport, begins (3). Reab-
sorption occurs largely by epithelial sodium channels (ENaC)

 

1

 

(4), with a primary stimulus for the onset of liquid absorption
being a surge in fetal epinephrine levels associated with labor
and delivery (5). A further stimulus for postnatal lung liquid
clearance may be the increase in the partial pressure of oxygen
immediately after birth (6, 7). By 12 h after birth, 80% of peri-
natal lung liquid is cleared (8–10). The ability to osmotically
reabsorb fluid from the airspaces is retained throughout adult
life (11–13).

In the adult lung, osmotic water movement is mediated by
aquaporins (AQP), which are small hydrophobic membrane
proteins (

 

z

 

 30,000 M

 

r

 

) with homology to the major intrinsic
protein of lens (14, 15). Three AQPs are expressed in the adult
lung in distinct locations: AQP1 (CHIP28) in the capillary en-
dothelium (16–19), AQP4 (MIWC) in the basolateral mem-
brane of airway epithelium (20, 21), and AQP5 in the apical
membrane of alveolar type I cells (22, 23). Additional water
transporters are likely to account for high water permeability
of the apical membrane of alveolar and airway epithelia. The
mRNA and protein expression of the three known water chan-
nels are developmentally regulated in rat lungs (24, 25). Tran-
scripts encoding AQPs 1, 4, and 5 are detectable a few days be-
fore birth, increase sharply just after birth, and remain
elevated through the first week of extrauterine life (25). Ma-
ternal treatment with corticosteroids increases fetal AQP1 ex-
pression, an effect also seen in the adult lung (24). It is not
known if an increase in water channel function and osmotic
water movement parallels the changes in mRNA and protein
expression.

Although the developmental regulation of AQP expression
and the high transalveolar water permeability suggest a role
for water channels in lung water balance, they do not provide
direct evidence that AQPs are necessary or have a significant
physiological role. In particular, humans lacking the Colton
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1. 

 

Abbreviations used in this paper:

 

 ANTS, aminonaphthalene trisul-
fonic acid; AQP, aquaporin; E

 

a

 

, activation energy; ENaC, epithelial
sodium channels; HBR, Hepes-buffered Ringer’s solution; P

 

d

 

, diffu-
sional water permeability coefficient; P

 

f

 

, osmotic water permeability
coefficient.
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blood group antigen AQP1 are phenotypically normal (26).
Except for AQP2, which, if defective, results in non–X-linked
nephrogenic diabetes insipidus (27), a physiological role for
the other AQPs has not been established. Membranes that do
not contain AQPs have a fairly substantial water permeability
through the lipid bilayer; a 5–50-fold increase in water perme-
ability conferred by AQPs might be necessary only for regu-
lated water permeability (e.g., vasopressin-stimulated water
permeability in kidney collecting duct), for high water perme-
ability in epithelia separating compartments of different osmo-
lalities, and/or in some cases of near-isosmolar fluid transport.
Functional measurements in conjunction with tissue distribu-
tion and expression studies are needed to examine the physio-
logical role of water channels.

The purpose of this study was to test the hypothesis that
airspace-to-capillary water permeability increases near the
time of birth. The rabbit was chosen as a mammalian model in
which the fetal lungs are large enough to permit pulmonary ar-
tery perfusion and tracheal cannulation. In addition, a substan-
tial body of information is already available on the regulation
of extravascular lung water and ion transport in perinatal rab-
bit lungs and type II cells (9, 28–31). Osmotic water permeabil-
ity was measured by a surface fluorescence method which was
developed recently for quantitative determination of water
and solute transport rates in mouse lung (32). The method is
based on the change in pleural surface fluorescence from an
instilled intraalveolar fluorescent dye in response to osmoti-
cally induced movement of water into or out of the alveolar
compartment. Osmotic water permeability increased substan-
tially at 12–24 h after birth, remained elevated over the first
week of life, and then declined. Functional studies of tempera-
ture dependence, mercurial inhibition, and diffusional water
permeability supported a role of AQPs in this increase. 

 

Methods

 

Animals.

 

Timed-pregnant New Zealand White rabbits were pur-
chased from Grimaud Farms (Stockton, CA). Fetal rabbits were stud-
ied at gestational days 27, 29, and 31 (FD27, FD29, and FD31; term 

 

5

 

31 d). For isolation of fetal tissue, pregnant rabbits were anesthetized
by 1% halothane/99% O

 

2

 

 inhalation. The marginal ear vein was cath-
eterized for administration of pavulon (0.3 mg/kg/h). The trachea was
cannulated for ventilation, and the carotid artery was catheterized to
measure blood pressure and to administer fluids. Fetuses were deliv-
ered by cesarean section and used immediately for functional or ex-
pression studies. Postnatal rabbits were studied immediately after
birth and at 2–6-h intervals during the first 3 d of extrauterine life, ev-
ery 24 h between days 3 and 7, and at days 9, 11, and 21. Tissue for
Northern blot analysis was procured at the same postnatal time inter-
vals. One litter contained 9–14 fetuses. 13 litters were studied. Three
of these litters were studied prenatally, at FD27, FD29, and FD31.
Rabbits from the remaining 10 litters were randomized so that ani-
mals from each litter were studied at both early and late postnatal
time points.

 

Lung preparation.

 

Osmotic water movement in isolated lungs
was measured using a pleural surface fluorescence method described
previously (32). Briefly, perinatal rabbits were anesthetized and ex-
sanguinated. The trachea was cannulated with polyethylene tubing of
suitable size for the animal’s age. The chest was opened, and the
proximal and distal aortas were ligated to ensure no leak through the
ductus arteriosus. The pulmonary artery was cannulated with poly-
ethylene tubing of appropriate size and secured. The heart and lungs
were removed en bloc to a perfusion chamber mounted on the stage
of an epifluorescence microscope. The pulmonary circulation was

perfused with Hepes-buffered Ringer’s solution (HBR: 137 mM
NaCl, 2.68 mM KCl, 1.25 mM MgSO

 

4

 

, 1.82 mM CaCl

 

2

 

, 5.5 mM glu-
cose, 12 mM Hepes, 1.5% BSA, pH 7.4, 300 mosM). The perfusion
flow rate was adjusted according to gestational or postnatal age, and
ranged from 1.5 to 15 ml/min. The outflow pressure from the left
atrium was maintained at 0 cm H

 

2

 

O. A vasodilator, papavarine (100

 

m

 

g/ml), was present in the perfusate to ensure adequate perfusion.
For measurement of osmotic water permeability, lungs were filled
with HBR (300 mosM) containing 1 mg/ml FITC conjugated to dex-
tran (average mol wt 

 

5

 

 70,000; Sigma Chemical Co., St. Louis, MO).
The instilled volumes were (range, based on lung size) FD29, 1.2–1.4
ml; FD31, 1.4–1.9 ml; 0–24 h, 1.6–2.6 ml; 24–48 h, 1.9–2.9 ml; 48–84 h,
2.4–3.6 ml; 1 wk, 3.8–5.0 ml; and 3 wk, 13–17 ml. Before use, unbound
FITC was removed using a PD-10–size exclusion column (Pharmacia
Biotech AB, Uppsala, Sweden). For measurement of diffusional wa-
ter permeability, lungs were filled with HBR (300 mosM) containing
2 mM aminonaphthalene trisulfonic acid (ANTS).

 

Pleural surface fluorescence microscopy.

 

Fluorescence from in-
traalveolar fluorophores was recorded from a 3–5-mm-diameter spot
on the lung pleural surface using an inverted epifluorescence micro-
scope (Diaphot; Nikon, Inc., Melville, NY). The spot was illuminated
using a stabilized tungsten-halogen lamp (75 W) in series with a neu-
tral density filter (OD 1.0), interference filter, and dichroic mirror. A

 

3

 

10 dry objective (Leitz, numerical aperture 0.25) was used for all
measurements. Emitted fluorescence was filtered by a cut-on filter
and detected by a photomultiplier. Filter wavelength specifications
were (interference, dichroic, cut-on) FITC-dextran (480

 

6

 

5 nm, 510
nm, 

 

.

 

 515 nm), ANTS (380

 

6

 

10 nm, 430 nm, 

 

.

 

 515 nm). The photo-
multiplier signal was amplified, digitized by a 12-bit analog-to-digital
converter interfaced to a PC computer, and filtered at 0.3-s time con-
stant. Data were acquired at 30 Hz, and 30 consecutive samplings
were averaged for each point.

 

Water permeability measurements.

 

The lungs were filled with HBR
(300 mosM) containing FITC-dextran, and the pulmonary artery was
perfused with HBR. An airspace-to-perfusate osmotic gradient was
generated by switching the perfusate to 600 mosM HBR (HBR 

 

1

 

 300
mosM sucrose), and then back to HBR after several minutes. Previ-
ous studies have established the independence of airspace–capillary
water permeability on osmotic gradient size and direction (32). The
time course of pleural surface fluorescence was monitored continu-
ously. The osmotic water permeability coefficient, P

 

f

 

, was computed
from the equation (32) 

 

P

 

f

 

 

 

5

 

 [

 

d

 

(

 

F

 

/

 

F

 

o

 

)/

 

dt

 

]

 

t=0

 

/[(

 

S

 

/

 

V

 

o

 

)v

 

w

 

D

 

C

 

], where [

 

d

 

(

 

F

 

/

 

F

 

o

 

)/

 

dt

 

]

 

t

 

5

 

0

 

 is the slope of a linear fit to the initial fluorescence time
course, 

 

S

 

/

 

V

 

o

 

 (surface-to-volume ratio, cm

 

2

 

1

 

) is determined from serial
confocal micrographs of surface alveoli, 

 

v

 

w

 

 (18 cm

 

3

 

/mol) is the partial
molar volume of water, and 

 

D

 

C

 

 is the difference in osmolality be-
tween the airspace and perfusate compartments. For measurement of
diffusional water permeability, the airspace was filled with HBR (in
100% H

 

2

 

O, 300 mosM) containing 2 mM ANTS, a membrane-imper-
meant fluorophore whose quantum yield is insensitive to ionic
strength and pH, but increases 3.2-fold when H

 

2

 

O is replaced with
D

 

2

 

O (33). The pulmonary artery was initially perfused with isosmolar
HBR in 100% H

 

2

 

O. The perfusate was then switched to isosmolar
HBR prepared in 50% H

 

2

 

O-50% D

 

2

 

O. Diffusional exchange of D

 

2

 

O
with H

 

2

 

O resulted in an increase in intraalveolar D

 

2

 

O content and in-
creased ANTS fluorescence. The diffusional water permeability
coefficient (P

 

d

 

) was determined from the equation (32) 

 

P

 

d

 

 

 

5

 

[

 

d

 

(

 

F

 

/

 

F

 

o

 

)/

 

dt

 

]

 

t

 

5

 

0

 

 [

 

df

 

D2O

 

/

 

d

 

(

 

F

 

/

 

F

 

o

 

)]

 

F

 

5

 

Fo

 

/[0.5(

 

S

 

/

 

V

 

o

 

)], where [

 

df

 

D2O

 

/

 

d

 

(

 

F

 

/

 

F

 

o

 

)]

 

F

 

5

 

Fo

 

is evaluated from the 

 

f

 

D2O

 

 vs. 

 

F

 

/

 

F

 

o

 

 relation above to be 0.69, and the
remaining terms are as defined above.

 

Confocal microscopy.

 

Pleural surface confocal microscopy was
carried out to visualize the FITC-dextran distribution and to deter-
mine alveolar geometry, as described previously (32). Alveolar sur-
face-to-volume ratios were computed from serial images acquired 6

 

m

 

m apart using a three-dimensional image reconstruction procedure
(34). The computed ratios were used for computation of P

 

f

 

 and P

 

d

 

.

 

RNase protection assay.

 

Lungs were harvested, sliced, frozen im-
mediately in liquid nitrogen, and stored at 

 

2

 

80

 

8

 

C. Total RNA was
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isolated by the acid guanidinium thiocyanate-phenol-chloroform
method. RNase protection assays were performed by a modification
of the method described previously (25, 35, 36). cDNA fragments en-
coding rabbit AQP1, AQP4, and 

 

b

 

-actin were amplified by PCR, us-
ing rabbit lung cDNA as template and primers derived from human
and rat AQP sequences. The regions of the PCR-amplified fragments
were as follows: AQP1 (nucleotides 1–318), AQP4 (nucleotides 472–
972), and 

 

b

 

-actin (nucleotides 812–946). Fragments were subcloned
into plasmid pGEM-T (Promega Corp., Madison, WI) and confirmed
by sequence analysis.

 

2

 

 For the RNase protection assay, plasmids were
linearized, and antisense RNA probes were synthesized with SP6
RNA polymerase in the presence of [

 

a

 

-

 

32

 

P]CTP. For each experi-
ment, 30 

 

m

 

g of total rabbit lung RNA was hybridized with 5 

 

3

 

 10

 

4

 

cpm of each 

 

32

 

P-labeled cRNA probe at 68

 

8

 

C for 10 min, and incu-
bated for 30 min at 37

 

8

 

C in digestion buffer containing RNase A (5 U/ml)
and RNase T1 (200 U/ml). The protected fragments were resolved on
a 5% polyacrylamide gel containing 8 M urea, blotted onto chroma-
tography paper, and exposed to x-ray film with an intensifying screen
overnight at room temperature. Rabbit b-actin was used as an inter-
nal control in each lane. Autoradiograms were analyzed by densito-
metric scanning, using Molecular Analysis software on a Bio-Rad
Laboratories image analysis system (Hercules, CA).

Statistics. Statistical comparisons were done with paired or un-
paired Student’s t test for differences between two groups, and by
ANOVA to analyze differences among more than two groups (see
figure legends).

Results

Fig. 1 shows the time course of pleural surface fluorescence in
response to changes in perfusate osmolality. Representative
original data curves obtained at FD31 and over the first week
of extrauterine life are shown. In each curve, there was a
prompt rise in fluorescence in response to an increase in perfu-
sate osmolality from 300 to 600 mosM, without a lag phase.
The final fluorescence was approximately twice the initial fluo-
rescence, as predicted, with no loss of FITC-dextran from the
airspace compartment. The initial rates of fluorescence in-
crease are shown by the dashed lines in each curve. Note the
slower initial rates in lungs at FD31 and just after birth (1 and
4 h) compared to lungs from older rabbits (12, 36, and 60 h).
By 120 h after birth, the initial rate of fluorescence increase
was decreased.

Initial rates of osmotic equilibration were determined for a
series of rabbits and time points as summarized in Fig. 2 A.

The ordinate is the rate of intraalveolar osmotic equilibration
(mosM/s) which depends on Pf and alveolar geometry (sur-
face-to-volume ratio; see Methods). Note that the rate of os-
motic equilibration is the physiologically relevant parameter,
whereas Pf provides information about the intrinsic permeabil-
ity properties of the airspace–capillary barrier. During the first
12 h after birth, the rate of osmotic equilibration was signifi-
cantly less (1.1360.13 mosM/s) than that of the lung at FD29
(1.9560.35 mosM/s; P , 0.05), but not different from that at
FD31 (1.5760.22 mosM/s; P . 0.05). Equilibration rates in-
creased significantly after 12 h, remained elevated until 84 h
after birth, and then declined to near early postnatal values.

To compute absolute Pf values, alveolar surface-to-volume
ratios were determined by pleural surface confocal microscopy

and image reconstruction. Fig. 3, A–C, shows surface confocal
micrographs of lungs from rabbits at different ages. The air-
spaces were filled with isosmolar saline containing FITC-dex-
tran, and micrographs from the widest portions of alveoli are
shown. The alveolar pattern of fluorescence confirms that the
integrated pleural surface fluorescence signal arises primarily
from intraalveolar fluorophores. Fig. 3 E shows a representa-
tive series of confocal micrographs 6 mm apart in a 40-h-old
lung. Surface-to-volume ratios were computed from such mi-
crographs. The surface-to-volume ratio was 1376 cm21 at fetal
day 29, and declined over the first week of life, before reaching
an estimated adult value of 650 cm21 (37) (Fig. 3 D).

Fig. 2 B shows Pf values computed from initial rates of os-
motic equilibration (Fig. 2 A) and surface-to-volume ratios
(Fig. 3 D). Pf values were lowest just after birth and increased
significantly after 12 h. Pf was maximum at 12–84 h and de-
creased by 120 h after birth. These data suggest that the intrin-
sic water permeability barrier properties of the lung differ be-
tween , 12 h and . 24 h after birth.

The next set of experiments was done to test the hypothesis
that the increased Pf involved molecular water channels. Sev-
eral functional properties of water channels were studied in
lungs from , 12-h- vs. . 48-h-old rabbits. Fig. 4 A shows that
osmotic water permeability increased with increasing tempera-
ture. The representative original data curves (Fig. 4 A, left)
suggest that the temperature sensitivity was greater for the
lungs from 10-h-old rabbits. An Arrhenius temperature-
dependence plot (Fig. 4 A, right) gave activation energies (Ea)
of 5.660.4 and 4.260.3 kcal/mol (1 cal 5 4.184 J) for the 10-h
vs. 48-h lungs (P , 0.05). In general, a lower Ea suggests the in-
volvement of molecular water channels (15, 38). However, ab-
solute Ea values cannot be interpreted unambiguously for the
complex airspace–capillary barrier because of the presence of
several membrane and diffusive barriers in series.

The ability of mercurial compounds to inhibit osmotic wa-
ter permeability has been taken as evidence for the involve-

2. GenBank accession numbers for the rabbit AQP1, AQP4, and b-actin
fragments are AF000311–AF000313.

Figure 1. Osmotic wa-
ter movement between 
the airspace and capil-
lary compartments in 
lungs from fetal and 
newborn rabbits at indi-
cated ages. The airspace 
was filled with HBR 
containing 1 mg/ml 
FITC-dextran, and the 
pulmonary artery was 
perfused at 238C. Pleu-
ral surface fluorescence 
was recorded continu-
ously with indicated 
changes in perfusate os-
molality. Dashed lines 
indicate the initial rate 
of fluorescence in-
crease in response to 
changing perfusate os-
molality from 300 to 600 
mosM. Rates are sum-
marized in Fig. 2 A.
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ment of AQPs. Fig. 4 B shows that perfusate HgCl2, an inhibi-
tor of water channels AQP1 and AQP5 (39, 40), partially
inhibits osmotic water movement in lungs from both 10-h- and
72-h-old rabbits. The fluorescence curves (Fig. 4 B, left) show a
greater sensitivity to HgCl2 in the older lungs. The averaged Pf

values (Fig. 4 B, right) show significantly greater inhibitory po-
tency of HgCl2 for the lungs from older rabbits (3068%, 10 h
vs. 4469%, 72 h; P , 0.05).

A third characteristic of water channel–mediated water
permeability is a high ratio of osmotic-to-diffusional water per-
meability. Fig. 4 C shows the measurement of diffusional water

permeability (Pd) by pleural surface fluorescence using ANTS
as an intraalveolar H2O/D2O-sensitive indicator. ANTS fluo-
rescence increased promptly in response to exchange of perfu-
sate solution from an isosmolar buffer with H2O as solvent to a
1:1 H2O/D2O solvent (Fig. 4 C, left). Computed Pd and corre-
sponding Pf values are summarized at the right. Whereas Pf in-
creased remarkably in lungs from 6- to 60-h-old rabbits, Pd did
not change. Taken together with the temperature-dependence
and mercurial inhibition results, these data provide functional
evidence for the involvement of molecular water channels in
the perinatal increase in lung water permeability (see Discus-
sion).

Fig. 4 D shows the effect of perfusion flow rate and instil-
late volume on Pf. Lungs were perfused at the flow rates used
in the above experiments and at twice those values. Doubling
of flow rate did not alter the measured Pf of lungs at the four
ages examined. In addition, Pf did not depend on the volume
of test solution instilled into the airspaces. These control ex-
periments indicate that Pf is not sensitive to perfusion rates
and filling volumes under the conditions of our experiments.

Experiments were done to confirm the increased expres-
sion of molecular water channels in perinatal rabbit lung, as
was done previously for rat lung (25). It is recognized, how-
ever, that all lung water transporters have not been identified
(see Introduction), so quantitative comparisons of protein ex-
pression with water permeability are not possible. Because
mammalian AQP water channels have been cloned thus far

Figure 2. Rates of osmotic equilibration and computed Pf values in 
fetal and newborn rabbit lungs. (A) Initial rates of osmotic equilibra-
tion (mean6SE, number of measurements shown) were determined 
from the initial increase in pleural surface fluorescence in response to 
osmotic gradients, as in Fig. 1. (B) Pf values computed from rates in A 
and surface-to-volume ratios (from Fig. 3 D). *Significant difference 
from values at 0–6 and 7–11 h, P , 0.05, ANOVA.

Figure 3. Confocal fluorescence microscopy of the pleural surface. 
The airspace was filled with HBR containing 1 mg/ml FITC-dextran. 
(A–C) Confocal micrographs of lungs at 24 (A), 40 (B), and 72 (C) h 
after birth. Bar, 25 mm. (D) Computed surface-to-volume ratios. (E) 
Serial confocal micrographs from a 40-h lung taken at 6-mm z-inter-
vals for reconstruction of alveolar geometry. Bar, 10 mm.
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only from mouse, rat, and human sources, it was necessary to
identify rabbit AQPs. The PCR/homology cloning strategy
with degenerate as well as specific primers was used with rab-
bit lung cDNA as template. After extensive experimentation
to identify AQP-like proteins in rabbit lung, two cDNA frag-
ments were obtained with 89 and 88% DNA identity to rat
AQP1 and AQP4, respectively. No cDNAs corresponding to
AQP5 were identified. As a control transcript, a fragment of
rabbit b-actin was cloned by homology to rat b-actin. Fig. 5 A
shows an RNase protection assay autoradiogram of AQP1 and
AQP4 transcripts in perinatal rabbit lung. From two indepen-
dent sets of experiments on separate lung preparations, quan-
titative densitometry in Fig. 5 B shows a strong increase in
AQP1 transcript soon after birth, similar to results reported in
rat lung (24, 25). A less pronounced increase in AQP4 tran-
script expression was found here in rabbit than in rat (25).

Discussion

Several lines of evidence have suggested a physiological role
for AQPs in lung fluid balance, including the specific expres-
sion pattern of AQPs in fluid-transporting epithelia and endo-
thelia (16–23), and the high transalveolar (18, 32) and distal
airway (21) water permeabilities in the adult lung. In the de-
veloping lung, AQP expression increases sharply near the time
of birth (25), and expression of one of the AQPs (AQP1) is up-
regulated by corticosteroids (24). It has been proposed that
AQPs may be involved in the transition from a fluid-secreting
to a fluid-reabsorbing lung near the time of birth (24). This hy-
pothesis yields several testable predictions that involve func-
tional measurements of water permeability between the air-
space and capillary compartments: (a) water permeability
should increase near the time of birth, (b) the increased water

Figure 4. Properties of osmotic (Pf) and 
diffusional (Pd) water permeability in peri-
natal lungs. (A) Temperature dependence. 
(Left) Representative surface fluorescence 
data in 10- vs. 48-h postnatal lungs at the 
indicated perfusion temperatures. (Right) 
Arrhenius plot of temperature-depen-
dence data (Pf, mean6SE, n 5 3) with 
slopes (Ea) of 5.660.4 and 4.260.3 kcal/
mol, respectively (1 cal 5 4.184 J). (B) 
Mercurial inhibition. (Left) Osmotic water 
movement at 148C in the absence and pres-
ence of 0.5 mM HgCl2 (added to perfu-
sate). (Right) Summary of Pf values. *Sig-
nificant inhibition, P , 0.05, paired t test. 
(C) Diffusional water permeability. (Left) 
The airspace was filled with HBR contain-
ing 2 mM ANTS, and the pulmonary artery 
was perfused at 238C. The time course of 
ANTS fluorescence in response to addition 
and removal of 50% D2O to the isosmolar 
perfusate is shown. (Right) Summary of Pd 
and Pf data. *Significant difference from 
6-h data, P , 0.05, unpaired t test. (D) De-
pendence of Pf on perfusion flow rate and 
instillate volume. (Left) Lungs at indicated 
ages were perfused at the indicated stan-
dard flow rate or twice that value. (Right) 
At 12 h after birth, Pf was measured in 
lungs instilled with indicated volumes.
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permeability should correlate with the expression of AQP(s)
comprising the rate-limiting water permeability barrier, and
(c) deletion of certain AQPs should be associated with abnor-
mal perinatal alveolar fluid clearance. It is already known that
absence of AQP1 in humans is not associated with overt clini-
cal abnormalities (26); this finding is consistent with the rate-
limiting barrier for capillary-to-airspace water movement be-
ing the alveolar epithelium, rather than the endothelium
where AQP1 is primarily expressed (16–19). Recently, a trans-
genic knockout mouse deficient in AQP4 has been generated
(41), and lung phenotype analysis is in progress.

The purpose of this study was to test prediction a and to be-
gin to examine prediction b by functional measurements of
lung water permeability and analysis of lung water channel ex-
pression. The principal finding was that osmotic water perme-
ability increased significantly at 12–24 h after birth and re-
mained elevated for the next 4 d. In addition, functional and
expression evidence provided support for a role of molecular
water channels in this increased osmotic water permeability.
Compared to newborn lungs, lungs from 48-h-old rabbits had
higher osmotic water permeability, which was inhibited to a

greater extent by HgCl2 and was less temperature dependent.
The increased osmotic water permeability was not associated
with increased diffusional water permeability. Because lung
diffusional water permeability is unstirred layer limited (32),
the constancy of Pd indicates adequacy of the perfusion and
correct normalization for alveolar geometry. These studies
provide the first functional evidence for developmentally regu-
lated water permeability in perinatal lung and suggest the in-
volvement of molecular water channels in this regulation.

The measurement of osmotic water permeability between
the airspace and capillary compartments involved determina-
tion of airspace osmolality as a function of time in response to
an imposed osmotic gradient between airspace and capillary
fluid. In our initial study in the in situ perfused sheep lung (18),
airspace fluid samples were obtained by intratracheal catheter-
ization after instillation of hyperosmolar (900 mosM) fluid into
the airspaces. Airspace osmolality equilibrated rapidly (t1/2

z 45 s), was weakly temperature dependent, and was inhibited
reversibly by HgCl2. It was concluded that transalveolar water
transport was transcellular and involved mercurial-sensitive
water channels. This approach was adapted to small animals
by determination of airspace osmolality from the pleural sur-
face fluorescence signal generated by an airspace fluorescent
probe (32). The measurement of pleural surface fluorescence
provided excellent time resolution (, 1 s) because airspace
fluid sampling is not required and osmotic gradients can be
generated rapidly by changing pulmonary artery perfusates.
Water permeability properties of mouse lung measured by the
surface fluorescence method (32) were similar to those in
sheep lung (18). The surface fluorescence method was adapted
to the perinatal rabbit lung as early as fetal day 29. However, it
was found that perfusion of the prenatal lung was challenging
because of tissue fragility, and perfusion of lungs from fetal
day 27 and earlier was not possible because of high pulmonary
vascular resistance.

The movement of water across the perinatal blood–gas bar-
rier is important for several reasons. First, the lungs secrete
substantial amounts of fluid in utero. Just before birth, the po-
tential air spaces contain 20–30 ml/kg body wt of fluid (42–45).
In sheep, the flow rate of secreted tracheal liquid is z 5 ml/h/
kg body wt at term (45, 46). The fluid secretion is driven by ac-
tive chloride transport across the lumenal membrane (45, 47,
48). Fluid secretion and maintenance of its specific composi-
tion may be important for lung morphogenesis (49–51). Sec-
ond, at the onset of labor shortly before birth, fluid absorption
occurs, which is driven by active sodium transport (3, 52).
Fluid absorption is important to prepare the lungs for alveolar
respiration at birth. Although z 50% of extravascular lung wa-
ter is reabsorbed at birth, and . 80% by 12 h after birth, it is
still slightly elevated at 24 h after birth (8, 9). Finally, proper
hydration of the airways and alveolar lumenal surface in the
postnatal lung requires a balance between fluid secretion and
absorption. Although the mechanisms regulating airspace hy-
dration in the adult lung remain poorly understood, it is likely
that specific ion and water transporters along the pulmonary
epithelium from the trachea to the alveoli are involved.

The fluid secretion and reabsorption processes in the peri-
natal distal airway and alveolar epithelium are the result of the
coordinated action of distinct transport proteins. Fluid secre-
tion is driven by active chloride transport, where chloride en-
ters the epithelial cells across the basolateral Na-K-2Cl
cotransporter and is extruded across the apical membrane by

Figure 5. RNase protection assay of water channel expression in 
lung. (A) RNase protection assays were done on fetal (days FD27 and 
FD29) and postnatal lung tissue (1, 6, 24, 48, 72, 96 h, and 7 d) as de-
scribed in Methods. Each sample was hybridized to AQP1, AQP4, 
and b-actin probes. (B) Summary of quantitative results. The ordi-
nate is the ratio of water channel transcript expression relative to that 
of b-actin as measured by densitometry.
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two or more classes of chloride channels (e.g., CFTR and ClC-2)
(3, 53–55). Movement of chloride osmotically drives water
from the vascular and interstitial compartments to the airspace
compartment. When absorption becomes the dominating
transport event during labor, sodium enters the epithelial cells
via apical sodium channels (ENaC) (4) and is extruded across
the basolateral membrane via the Na,K-ATPase, resulting in
osmotically driven water absorption from the airspaces. The
presence of water channels in the alveolar epithelium and cap-
illary endothelium could facilitate osmotic water movement
during these perinatal events.

These processes appear to be regulated in development by
the differential expression of the primary ion transport pro-
teins, and probably the water transporting AQPs. In fetal rab-
bit and human, CFTR transcript and protein is present from an
early stage of lung development, suggesting that it may be
functionally important for fluid production in the fetal lung
(54, 55). In rat, transcript levels of the ClC-2 Cl2 channel are
high in late gestation, decrease markedly after birth, and be-
come undetectable in the adult (53). However, a functional
role for ClC-2 has not yet been established. Over the same
time period, there is induction of the three subunits of the rat
epithelial Na1 channel (a-, b-, and g-rENaC; reference 56), as
well as both subunits (a and b) of the Na,K-ATPase (57–59).
These changes in ion transporter expression are in general
agreement with the few reported functional measurements of
ion transport in prenatal and postnatal lung (60, 61). The ex-
pression and function of AQPs in the perinatal lung appears to
parallel that of the two principal sodium transporters, ENaC
and the Na,K-ATPase; however, the expression data alone
do not prove a role for AQPs in perinatal lung water perme-
ability.

The relatively low Pf at birth compared to the higher levels
observed at fetal day 31 and 12–24 h after birth is not necessar-
ily what would be predicted from data on perinatal lung liquid
clearance (9). The majority of fetal lung water is cleared by the
time of birth (3, 9), although fluid clearance continues during
the early hours after birth. Therefore, adequate water conduc-
tive pathways (either AQP or non-AQP) should exist to facili-
tate early postnatal (0–12-h) water movement. It should be
noted that even at its lowest, the apparent Pf in the first 12 h af-
ter birth was still quite high. Therefore, osmotic water perme-
ability is probably not rate-limiting for the clearance of fetal
lung liquid. The increased water permeability and AQP ex-
pression between 12 and 84 h may facilitate the maintenance
of dry airspaces by near-isosmolar fluid reabsorption mecha-
nisms. However, despite considerable work on near-isosmolar
fluid transport over several decades, our understanding re-
mains inadequate to predict how Pf would affect transepithe-
lial fluid transport rates. Therefore, although the results in this
study provide the first functional data on perinatal lung water
permeability and suggest the involvement of molecular water
channels, it is not yet possible to integrate the experimental re-
sults into a unified mechanism for regulation of airspace hy-
dration.
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