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High Microvascular Endothelial Water Permeability in Mouse Lung
Measured by a Pleural Surface Fluorescence Method

Ethan P. Carter, Bence P. Olveczky, Michael A. Matthay, and A. S. Verkman

Departments of Medicine and Physiology, Cardiovascular Research Institute, University of California,
San Francisco, California 94143 USA

ABSTRACT Transport of water between the capillary and airspace compartments in lung encounters serial barriers: the
alveolar epithelium, interstitium, and capillary endothelium. We previously reported a pleural surface fluorescence method to
measure net capillary-to-airspace water transport. To measure the osmotic water permeability across the microvascular
endothelial barrier in intact lung, the airspace was filled with a water-immiscible fluorocarbon. The capillaries were perfused
via the pulmonary artery with solutions of specified osmolalites containing a high-molecular-weight fluorescent dextran. An
increase in perfusate osmolality produced a prompt decrease in surface fluorescence due to dye dilution in the capillaries,
followed by a slower return to initial fluorescence as capillary and lung interstitial osmolality equilibrate. A mathematical model
was developed to determine the osmotic water permeability coefficient (P;) of lung microvessels from the time course of
pleural surface fluorescence. As predicted, the magnitude of the prompt change in surface fluorescence increased with
decreased pulmonary artery perfusion rate and increased osmotic gradient size. With raffinose used to induce the osmotic
gradient, P; was 0.03 cm/s at 23°C and was reduced 54% by 0.5 mM HgCl,. Temperature dependence measurements gave
an Arrhenius activation energy (E,) of 5.4 kcal/mol (12-37°C). The apparent P; induced by the smaller osmolytes mannitol and
glycine was 0.021 and 0.011 cm/s (23°C). Immunoblot analysis showed ~1.4 X 10'2 aquaporin-1 water channels/cm? of
capillary surface, which accounted quantitatively for the high P;. These results establish a novel method for measuring
osmotically driven water permeability across microvessels in intact lung. The high P;, low E,, and mercurial inhibition indicate

the involvement of molecular water channels in water transport across the lung endothelium.

INTRODUCTION

Movement of salt and water between the airspace and
capillary compartments in the adult lung is important for
maintaining proper airspace hydration. In the perinatal lung,
fluid movement from airspace to capillary provides the
mechanism for absorption of airspace fluid in preparation
for alveolar respiration (Bland, 1990; Boucher, 1994). Fluid
movement between the interstitial and capillary compart-
ments is particularly important in the formation and reso-
lution of interstitial pulmonary edema (Staub, 1974; Mat-
thay et al., 1996). Although it is generally thought that the
alveolar epithelium is the primary barrier to water and
solute movement from airspace to capillaries (Wangen-
steen, 1974), there has been no direct experimental mea-
surement of osmotic water permeability across the alveolar
endothelium.

We recently developed methods to measure the water
permeability of the composite barrier separating the capil-
lary and airspace compartments in intact lung. The airspace
was filled with fluid, and the time course of airspace fluid
osmolality was measured in response to osmotic gradients
imposed between capillary and airspace fluid. In an initial
study in the in situ perfused sheep lung (Folkesson et al.,
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1994), the vascular compartment was perfused with isos-
molar saline (300 mosm), and the airspace was filled with
hypertonic saline (900 mosm). Serial measurements of air-
space fluid osmolality by intratracheal cannulation showed
high osmotic water permeability (P, =~ 0.02 cm/s) that was
weakly temperature-dependent and reversibly inhibited by
mercurials. For studies in small animals, where rapid air-
space fluid instillation and sampling is not practical, a
pleural surface fluorescence method was developed in
which airspace fluid osmolality was determined from the
fluorescence of an indicator dissolved in the airspace fluid
(Carter et al., 1996). A capillary-to-airspace osmotic gradi-
ent was rapidly established in an isolated lung preparation
by changing the osmolality of fluid perfused through the
pulmonary artery. The surface fluorescence method was
used to demonstrate high osmotic water permeability (P; =
0.017 cm/s) in mouse lung, and with the use of specific
fluorescent indicators, to measure diffusional water perme-
ability and proton/bicarbonate transport. Transport mea-
surements utilizing fluorescent probes in the airspace com-
partment do not provide information about the individual
permeabilities of alveolar epithelial and endothelial barriers.

The purpose of this study was to measure water perme-
ability of the lung microvascular endothelial barrier. An
additional motivation for this study was to determine
whether molecular water channels (aquaporins) are in-
volved in lung endothelial water permeability. Water chan-
nel aquaporin-1 (AQP1, CHIP28) is expressed strongly in
lung capillary endothelium (Nielsen et al., 1993; Hasegawa
et al., 1994; Folkesson et al., 1994; Schnitzer and Oh, 1996;
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Effros et al., 1997) in a developmentally regulated manner
(Bondy et al., 1993; Umenishi et al., 1996; King et al.,
1996). AQP1 is a mercurial-sensitive, water-selective trans-
porter expressed widely in fluid-transporting epithelia and
endothelia (for a review, see Verkman et al., 1996; Lee et
al., 1997). If AQP1 facilitates water movement across lung
microvessels, then it is predicted that microvascular osmotic
water permeability (P;) should be high, weakly temperature-
dependent, and inhibited by mercurials. High P; mediated
by AQP1 would also suggest significant transcellular os-
motic water movement across the capillary endothelium.
Our strategy for measuring microvascular endothelial wa-
ter permeability is depicted in Fig. 1. The airspace was filled
with an inert, water-insoluble fluorocarbon to restrict lung
water to two principal compartments: an “interstitial com-
partment” and the flowing capillary compartment. Under
these conditions the capillary endothelium becomes the
rate-limiting permeability barrier. The pulmonary artery
was perfused with solutions of specified osmolalities con-
taining equal concentrations of a high-molecular-weight
fluorescent dextran. In response to a change in perfusate
osmolality, water was osmotically driven into or out of the
capillaries, resulting in fluorophore dilution or concentra-
tion, respectively. The resultant change in fluorophore con-
centration was recorded as a prompt change (decrease for
fluorophore dilution) in pleural surface fluorescence. As
demonstrated by the model and confirmed experimentally,
the magnitude of the deflection was related to the osmotic
water permeability. The prompt deflection was followed by
a slower return of the fluorescence signal to the original
level as interstitial and capillary fluid osmolality equilibrate.
The rate of equilibration is related to a combination of water
permeability, pulmonary artery flow, and interstitial vol-
ume. We report here the development and validation of the
method, a mathematical model for determining P; from
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FIGURE 1 Strategy for measuring osmotic water permeability of mi-
crovessels in intact lung. The airspace is filled with an inert fluorocarbon,
and the pulmonary artery is perfused with solutions of specified osmolal-
ities containing FITC-dextran. Pleural surface fluorescence is monitored
continuously by epifluorescence microscopy. In response to an increase in
perfusate osmolality, water is extracted from the interstitial space, the
capillary fluorophore is diluted, and the pleural surface fluorescence signal
decreases. As interstitial and capillary osmolality equilibrate, water move-
ment slows and fluorescence returns to its original level. See text for
details.
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fluorescence signals, and a characterization of microvascu-
lar water permeability in intact mouse lung.

METHODS
Lung preparation

The isolated perfused lung preparation was described previously in detail
(Carter et al., 1996). ¢57 mice (20-25 g weight; Benton-Kingman, Free-
mont, CA) were euthanized with intraperitoneal pentobarbital (150 mg/kg).
The trachea was cannulated in situ with polyethylene PE-50 tubing. The
airspace was filled with 0.3—0.5 ml of Fluorinert (3M, St. Paul, MN), an
inert fluorocarbon that is immiscible with water and remains confined to
the airspace compartment. The pulmonary artery and left atrium were
transected, and the pulmonary artery was cannulated with PE-20 tubing.
The heart and lungs were moved en bloc to a Lucite perfusion chamber for
observation by epifluorescence microscopy. One lung was positioned
above a narrow channel in which phosphate-buffered saline (PBS) (pH 7.4,
300 mosm) was continuously perfused (10—20 ml/min) between the exter-
nal pleural surface and the coverglass. The pulmonary artery was gravity
perfused at constant pressure (25-35 cm H,O) with a four-way flow valve
to select solutions. The pulmonary artery was initially perfused with
HEPES-buffered Ringer’s (HBR) (137 mM NacCl, 2.68 mM KCl, 1.25 mM
MgSO,, 1.82 mM CaCl,, 5.5 mM glucose, 12 mM HEPES, 1.5% bovine
serum albumin; pH 7.4; 300 mosm) for 5 min to remove all blood, and to
set the reservoir height for the desired perfusion rate (generally 1-2.5
ml/min). The temperature of the pulmonary artery and pleural surface
perfusates was controlled by circulating water around the perfusion inflow
tubing.

Pleural surface fluorescence microscopy

The fluorescence intensity from a ~5-mm-diameter spot on the lung
pleural surface was monitored with an inverted epifluorescence microscope
(Nikon Diaphot). The spot was illuminated with a tungsten-halogen lamp
in series with a neutral density filter (optical density 1.0), an interference
filter (480 = 5 nm), and a dichroic mirror (510 nm). A 10X dry objective
(Leitz, numerical aperture 0.25) was used for all measurements. Emitted
fluorescence was filtered with a cut-on filter (> 515 nm) and detected with
a photomultiplier. The photomultiplier signal was amplified, digitized at 30
Hz by a 12-bit analog-to-digital converter, and binned in 1-s time intervals.
There was no photobleaching at the low illumination intensity used here.

Lung microvascular osmotic water permeability

Water movement across lung microvessels was measured by perfusing
lungs with fluorescent solutions of specified osmolalities. Solutions con-
sisted of HBR (300 mosm) with 100—300 mM osmolyte (glycine, manni-
tol, sucrose, or raffinose) and fluorescein isothiocyanate-dextran (FITC-
dextran) (0.5 mg/ml, 500 kDa; Sigma). The FITC-dextran was passed
through a PD-10 size exclusion column (Pharmacia Biotech, Uppsala,
Sweden) before measurements to remove any unconjugated FITC. Fluo-
rescence intensities were identical in the isosmolar and hyperosmolar HBR
solutions. As described in reference to Fig. 1, osmotic water movement was
measured from the time course of fluorescence in response to switching the
perfusate between HBR + FITC-dextran (300 mosm) and hyperosmolar
HBR + FITC-dextran (400—600 mosm). In the studies of water transport
inhibition, the capillaries were lightly fixed by a 15-s perfusion with HBR
containing 1% glutaraldehyde, and then perfusate osmolalities were
changed in the absence and presence of HgCl,. Osmotic water permeability
coefficients (P;) were determined with a mathematical model described
below. Fluorescence time course data were fitted to a biexponential func-
tion [F(f) = a, + a,e”®" + a,e ®'] to determine the amplitude of the
initial deflection in fluorescence signal (a,) and the time constant for the
phase of slower recovery (1/b,).
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Immunoblot analysis

Lungs from euthanized mice were immediately harvested, homogenized in
PBS containing protease inhibitors at 4°C, and dissolved in SDS loading
buffer. Protein was determined by the Bradford assay. Lung homogenates
and purified AQP1 protein standards (Van Hoek and Verkman, 1992) were
electrophoresed on a 12% SDS-polyacryamide gel and electroblotted onto
a polyvinylidene difluoride membrane. The membrane was incubated with
a 1:1000 dilution of anti-AQP1 immune serum. Blots were washed in PBS,
incubated with an alkaline phosphatase-conjugated goat anti-rabbit IgG
antibody (1:3000; Life Technologies), and developed with 5-bromo-4-
chloro-3-indolyl-phosphate (16 wg/ml) and nitroblue tetrazolium (0.33
ng/ml) separately by enhanced chemiluminescence.

Mathematical model

Fig. 2 shows a schematic of the two-compartment model consisting of an
interstitial space in contact with a flowing capillary compartment. The
interstitial space is defined by a volume V(¢) and an osmolality ¢;(¢). The
capillary compartment is defined by a local axial volume flow rate f{x, 7)
(in cm?/s) and a local osmolality ¢.(x, 7). The parameters V;(0), A0, ),
$;(0), and ¢(0, 7), along with single capillary length (L, cm) and surface
area (S, in cm*/cm length), are specified to compute f{x, 7) as described
below. It is assumed that only water moves between compartments.

By definition, volume flow across the capillary-interstitial barrier is
given by J, = PSvy, [d.(x, 1) — ¢(1)], where J, is volume flow in cm?/s
(cm®/s per cm length) and v,, is the partial molar volume of water (18
cm?/mol). Recognizing that ¢;(0)V;(0) = ¢i(1)Vi(t) and A0, )P0, 1) =
S, D, 1),

Ju(x, 1) = PiSv[(0)f(0, 0/f (x, 1) — $i(0);(0)/ Vi(t)](l)

The flow of volume out of the interstitial compartment results in a decrease
in V()

L
—dV(n/de = | J(x, )dx (2)
0
As volume enters the flowing capillary compartment, axial volume flow
Ax, ) increases,

df Cx, 0)/dx = J,(x, t) 3)

Equations 1-3 were solved numerically to give the axial volume flow rate
along the capillary, fix, ). The step sizes for the numerical solution were
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FIGURE 2 Two-compartment model of osmotic water transport across
lung microvessels. The interstitial compartment is modeled as a well-mixed
space of variable volume in contact with the flowing capillary compart-
ment. The capillary endothelium is taken as a single, rate-limiting water-
permeable barrier (dashed line) separating the compartments. Parameters:
Py, osmotic water permeability (cm/s); V(¢), interstitial volume (cm?®);
fx, 1), capillary lumen flow (cm?/s); ¢(x, ), capillary lumen osmolality
(mosm); ¢;(¢), interstitial osmolality (mosm); L, capillary length (cm); S,
capillary surface area per unit length (cm?cm).
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Ax = L/100 and At = Ax/v,, where v, is the initial flow velocity (cm/s) in
the capillary computed from initial flow rate and capillary radius. In the
initial phase of the calculation, before the anisomolar perfusate traverses
the full capillary length, the equations were solved only for the portion of
the capillary that has been in contact with the new perfusate (determined
from v, and time). The model assumed that diffusion of osmolytes along
the capillary length does not occur, that the interstitial compartment is well
mixed, and that the capillary geometry remains constant. In addition, it is
noted that subpleural surface vessels are representative of vessels in other
regions of the lung, and that alveolar capillaries and small exchanging
arterioles and venules comprise >90% of lung blood volume (McLaughlin
et al., 1961).

The measured pleural surface fluorescence signal relative to that before
a change in perfusate osmolality, F(f)/F,, is given by

F(/IF, = (1/L) | f(0, t)/f(x, t)dx 4)

0

Parameter selection

Py and V;(0) are fitted parameters determined from the experimental data.
The osmolalities ¢;(0) and ¢ (0, #) are specified experimentally. Morpho-
metric measurements of mouse lung indicated a total (per two lungs)
capillary volume of 0.084 cm? and a surface area of 590 cm? (Geelhaar and
Weibel, 1971). Assuming a circular capillary profile, these values yield a
capillary diameter of 5.7 um and a total capillary length of 3.4 X 10° cm,
giving a value of parameter S of 0.0018 cm?/cm. Capillary flow f{0, #) was
computed to be (2.7 X 107°)f, cm’/s, where f, is pulmonary artery
perfusate flow rate in ml/min; this value was based on a capillary flow
velocity of 0.085 cm/s (Johnson et al., 1960; Kuhnle et al., 1993) at a
normal mouse cardiac output of 13 cm’*/min (Wang et al., 1993). The
average capillary length L was assumed to be 0.01 c¢cm, based on compar-
ative measurements in mammalian lungs (Staub and Schultz, 1968) and
data from rabbit lung (Schlosser et al., 1965). Because of uncertainties in
available data for the value of L, computations were done for a range of
possible L from 0.005 to 0.02 cm (see Fig. 4 C).

RESULTS

Fig. 3 shows a pleural surface fluorescence measurement in
which the airspace of the lung was filled with an inert
fluorocarbon and the pulmonary artery was perfused at 1.7
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FIGURE 3 Time course of pleural surface fluorescence in response to
changes in perfusate osmolality. The airspace was filled with an inert
fluorocarbon and the pulmonary artery perfused with HBR (300 mosm) or
HBR containing 200 mM raffinose (500 mosm), each containing 0.5 mg/ml
FITC-dextran (500 kDa). Perfusate flow was 1.7 ml/min at 23°C. Fitted
biexponential functions are shown (dashed curves).
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ml/min with isosmolar (300 mosm) or hyperosmolar (500
mosm) solutions, each containing 0.5 mg/ml of FITC-dex-
tran (500 kDa). There was <1% background signal before
addition of FITC-dextran. Upon switching from HBR to
HBR containing FITC-dextran, fluorescence increased rap-
idly, with a #,,, of 3-5 s, indicating adequacy of the perfu-
sion. Increasing perfusate osmolality to 500 mosm (using
200 mM raffinose as osmolyte) without changing the solu-
tion fluorescence (same FITC-dextran concentration) pro-
duced a prompt decrease in fluorescence followed by a
slower return to near-initial values. Return of solution os-
molality to 300 mosm produced a prompt deflection in the
opposite direction followed by a slower return. The fluores-
cence returned to near zero upon perfusion with HBR (not
containing FITC-dextran) at the end of the experiment,
indicating no detectable leakage of FITC-dextran into the
lung interstitium. These results are consistent with the the-
oretical expectations in Fig. 1. To estimate the relative
amplitudes of the prompt deflections (AF/F) and the half-
time (¢,,,) for the slower return phase, the data were fitted to
biexponential functions, as shown by the dashed curves in
Fig. 3. In 12 measurements in separate lungs studied by the
protocol in Fig. 3, the average prompt deflection AF/F was
0.13 £ 0.02 (SE) and ¢,, was 18 * 4 s. At the end of the
experiment, withdrawal of fluid through the tracheal can-
nula recovered the fluorocarbon without contaminating wa-
ter. However, in some experiments (<10%) there was lung
damage in which the fluorocarbon leaked into the perfusate
and/or water leaked into the airspaces; these lungs were
discarded. Also, in some experiments the slower phase of
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the fluorescence response did not return the signal to the
initial level, probably because of a reversible change in
capillary caliber related to changes in interstitial pressure.
The mathematical model was used to relate AF/F to water
permeability coefficient P;. Fig. 4 shows predictions of the
model utilizing parameters for mouse lung. Fig. 4 4 shows
the time course of fluorescence as a function of P, and
interstitial volume V;. The model predicts a prompt signal
deflection whose magnitude depends on Py, followed by an
increase in fluorescence to its initial level. The area between
the 1.0 relative fluorescence line and the predicted recovery
curve is related to interstitial volume. Comparison of the
data in Fig. 3 with the model gives a P; of 0.03 cm/s and a
V.of 7 X 10~% cm®. It is noted that ¥; should be considered
an apparent volume because the model did not take into
account complexities such as osmolyte diffusion and micro-
vascular heterogeneity. For these P and V; values, Fig. 4 B
compares the predicted time course of fluorescence with the
time course of interstitial volume and the flow profile along
the capillary axis. As expected, return of the fluorescence
signal is associated with equilibration of interstitial volume
over a similar time course. Volume flow increases along the
capillary axis as water moves from the interstitium into the
capillary lumen. The axial changes in flow are greatest at
early times where osmotically driven water flow is maxi-
mal. Axial volume flow at 0.6 s levels off because the
hyperosmolar front has not traversed the full capillary
length. Importantly, the flow profiles indicate that flow does
not become constant by the end of the capillary, indicating
that microvascular P is not “flow-limited” under the exper-
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FIGURE 4 Predictions of the mathematical model for determination of microvascular osmotic water permeability. Equations 1-4 were solved
numerically as described in Methods. (4) Dependence of fluorescence time course on Py and V;. Parameters: ¢;(0) = 300 mosm, ¢ (x, 0) = 500 mosm,
S = 0.0018 cm*/cm, L = 0.01 cm, fix, 0) = 4.6 X 10~° cm’/s, ¥, = 7 X 10~% cm? (top), P; = 0.03 cm/s (bottom). (B) Time course of fluorescence, V;,
and axial volume flow, /. Parameters are as in 4, with P, = 0.03 cm/s and ¥; = 7 X 10~% cm®. (C) Empirical relationship between AF/F and P, for different

values of capillary length L.
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imental conditions. Fig. 4 C shows the deduced empirical
relationship between AF/F and Py for different capillary
lengths. Similar plots (computed with appropriate parame-
ters) were used to deduce Py values for the experimental
maneuvers below.

Experiments were carried out to test model predictions
and to characterize lung microvascular water permeability.
Fig. 5 A shows that the prompt signal deflection AF/F
increases in an approximately linear manner with the size of
the osmotic gradient. Corresponding P, values were very
high: 0.034, 0.031, and 0.028 cm/s (23°C) for the gradients
of 100, 200, and 300 mosm, respectively. Fig. 5 B shows
that AF/F decreases with increasing perfusion flow rates, as
predicted theoretically. For the same osmotic gradient, in-
creasing flow produces less signal change (decreased AF/
F), because more volume is presented to attenuate the
change in FITC-dextran concentration.

The Arrhenius activation energy (E,), which is deter-
mined from the temperature-dependence of water perme-
ability, is a useful parameter for characterizing the water
permeation pathway; £, is generally >8—10 kcal/mol for
water movement through a lipid bilayer and <6 kcal/mol
for water movement through an aqueous pore such as a
molecular water channel (Finkelstein, 1987). Fig. 5 C (top)
shows that increasing temperature produced a greater signal
deflection, indicating higher water permeability. The Arrhe-
nius plot (Fig. 5 C, bottom) relating In(AF/F) to reciprocal
absolute temperature indicates an apparent £, (model inde-
pendent) of 5.4 £ 1 kcal/mol. This apparent £, is similar to
that of 5.2 kcal/mol determined from an Arrhenius plot of
In(Py) versus 1/T, where P, values were deduced from AF/F
by using the model. The low £, suggests the involvement of
molecular water channels.

As described in the Introduction, lung capillary endothe-
lial cells express AQP1, a mercurial-sensitive water-trans-
porting protein. AQPl-mediated water permeability in
erythrocytes and various heterologous expression systems is
inhibited by mercurials such as HgCl,. Initial studies with
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HgCl, (0.1-0.5 mM) in the perfusate produced marked lung
damage, resulting in unacceptable fluorocarbon and FITC-
dextran leakage. To study the HgCl, effect, we used a
strategy initially developed to study mercurial inhibition in
intact tissues such as frog urinary bladders (Ibarra et al.,
1989) and perfused renal vasa recta (Pallone et al., 1997).
Lungs were lightly fixed with glutaraldehyde before mea-
surement of water permeability. This maneuver did not
affect capillary Py (Fig. 6 4, right), in agreement with find-
ings in the bladder and vasa recta. Fig. 6 A (leff) shows an
original experimental tracing, where signal amplitude was
decreased (indicating water transport inhibition) when
HgCl, was present in the perfusate. The averaged data
summarized in Fig. 6 4 (right) indicate water transport
inhibition by 36% and 54% for HgCl, concentrations of
0.3 and 0.5 mM, respectively.

Water transport was induced by osmolytes of different
size to determine whether osmolyte reflection coefficient
was size-dependent and less than unity. Fig. 6 B (leff) shows
an experiment in which water transport was induced by 200
mM gradients of raffinose (M, 594 Da) and then glycine (75
Da). Fig. 6 B (right) summarizes AF/F values for osmolytes
of different sizes, showing a small but significant depen-
dence of the magnitude of the induced water permeability
on osmolyte size (see Discussion).

The AQP1 water channel is primarily expressed in cap-
illary endothelial cells in lung. Quantitative immunoblot
analysis was done to determine the amount of AQP1 per
lung and to estimate whether the amount of AQP1 is ade-
quate to account for the measured high P, values. Fig. 7
shows an immunoblot of total lung homogenate from three
mice, along with purified AQP1 protein standards. Quanti-
tative densitometry indicated the expression of 41 = 6 ug
AQPI1 protein per two mouse lungs. Assuming a total cap-
illary length of 3.4 X 10° cm (see above) and that essen-
tially all AQP1 is in capillary endothelia, this value corre-
sponds to a density of ~1.4 X 10'*> AQP1 monomers/cm?
of endothelial cell plasma membrane. Given a single-chan-
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nel AQP1 water permeability of 10~ "% cm?/s at 23°C (Van
Hoek and Verkman, 1992), this density predicts an endo-
thelial cell plasma membrane P;of 0.07 cm/s, and a transen-
dothelial cell P; of 0.035 cm/s. Notwithstanding the as-
sumptions in the computation, this value is in good
agreement with measured Py.

DISCUSSION

The purpose of this study was to develop a quantitative
method of characterizing osmotic water permeability of the
intact microvascular endothelial barrier in lung. The blood-
gas barrier in the lung comprises serial permeability barri-
ers: the alveolar epithelium, the interstitium, and the capil-
lary endothelium. The pleural surface fluorescence method
developed here permits the noninvasive measurement of
rapid water movement across alveolar capillaries in intact
lung. The lung perfusion method is applicable to lungs of
different sizes, such as the perinatal lung in development
(Carter et al., 1997). A principal finding here was that lung
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FIGURE 7 AQP1 immunoblot analysis of mouse lung. The total homog-
enate from three mouse lungs was resolved by SDS-PAGE (10 ug protein/
lane) and blotted as described in Methods. Standards consist of purified
AQP1 with amounts indicated.

microvascular water permeability has the characteristics of
channel-mediated water permeability (Finkelstein, 1987;
Verkman et al., 1996): a high water permeability coefficient
that is weakly temperature-dependent and is inhibited by
mercurials.

The high P of 0.03 cm/s at 23°C (0.045 cm/s at 37°C)
formally represents a lower limit to microvascular endothe-
lial water permeability. The mathematical model developed
to compute P; from fluorescence data assumes a single
rate-limiting barrier and a perfectly mixed interstitial com-
partment. Although the rapid signal deflection in response
to a change in perfusate osmolality supports this assump-
tion, the rate-limiting barrier may contain contributions
from an interstitial resistance to water movement as well as
a membrane resistance, arising in part from the basolateral
membrane of type I alveolar epithelial cells. The latter
component probably represents a minimal resistance to wa-
ter flow because plasma membrane water permeability in
type 1 cells has been measured to be exceptionally high
(0.08 cm/s; Dobbs et al., 1998). Another consideration is
that not all of the capillary surface may effectively contact
the interstitial space, because of capillary-capillary contact
and other ineffective contact geometries. A third factor
discussed below is the nonunity reflection coefficient of
small osmolytes. However, despite these factors, which
would each increase Py, the measured P is already substan-
tially higher than the P, of 0.017 measured for the compos-
ite airspace-capillary barrier in mouse lung (Carter et al.,
1996). The microvascular capillary endothelium is therefore
not a major rate-limiting barrier for osmotically driven water
movement between the airspace and capillary compartments.

Previous measurements have been reported for water
transport across endothelial cells from pulmonary artery and
renal vasa recta. Osmotic (P;) and diffusional (P4) water
permeabilities in isolated pulmonary artery endothelial cells
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increased from 0.0016 cm/s at 20°C to 0.0035 cm/s at 41°C
(Garrick, 1988a,b). The low permeability values and similar
Py and P, suggested the absence of functional water chan-
nels in the pulmonary artery endothelial preparation. A
recent measurement of transendothelial water transport in
isolated perfused descending vasa recta of kidney showed
very high P; (0.12 cm/s) that was strongly inhibited by the
mercurial pCMBS (Pallone et al., 1997). As found for the
alveolar capillary endothelia, descending vasa recta endo-
thelia express large amounts of AQP1 protein.

Two studies have addressed water permeability across
microvascular endothelia in lung. In isolated perfused rat
and dog lungs, the permeabilities of the endothelium to
antipyrine and *H,O were estimated by indicator dilution
(Cua et al., 1990). Capillary P, was 5.8 X 107> cm/s at
21°C and 6.4 X 107> cm/s at 38°C. These low values
indicate that *H,O is “flow-limited,” and that true capillary
P, is greatly underestimated because of unstirred layers. A
similar conclusion regarding unstirred layers was reported
in isolated perfused distal airways, based on low P, values
(0.5 X 107> cm/s) (Folkesson et al., 1996). Recently, Effros
et al. (1997) measured the clearances of *H,0 and unlabeled
water in rat lungs by collection of pulmonary venous per-
fusates. Although the clearance of *H,O was found to
flow-limited, the clearances of *H,O and unlabeled water
were partially inhibited by HgCl,. Absolute P; values were
not reported because of the limited time resolution of the
fluid collections, as well as uncertainties in surface areas
and the location of rate-limiting barriers. The results here
provide the first determination of P, of the lung microvas-
cular endothelium and indicate that this endothelium is
similar to the renal vasa recta in terms of its water perme-
ability properties.

Immunocytochemistry indicates that the primary water
channel present in the pulmonary capillary endothelium is
AQPI1 (Nielsen et al., 1993; Hasegawa et al., 1994; Folkes-
son et al., 1994; Schnitzer and Oh, 1996; Effros et al.,
1997). The quantitative immunoblot data provided in this
study demonstrate the expression of substantial amounts of
AQPI protein in mouse lung. As described in the Results,
the density of AQP1 monomers in endothelial cell plasma
membranes is ~1.4 X 10'%/cm? of membrane, predicting a
very high plasma membrane P, of ~0.07 cm/s at 23°C. For
water movement across two such plasma membranes in the
intact endothelium, P would be ~0.035 cm/s. This value is
just larger than that of 0.03 cm/s for the capillary endothe-
lium measured here. Differences may be related to many
factors, including uncertainties in capillary surface area,
underestimation of true microvascular P, as described
above, and nonzero interstitial resistances to water flow. In
addition, there is a possibility that other as yet unidentified
water channels contribute to microvascular water perme-
ability. Water permeability measurements in knockout mice
lacking AQP1 water channels will be needed to evaluate
this possibility.

It was found that the magnitude of osmotically induced
water movement depends on osmolyte size. In terms of
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classical nonequilibrium thermodynamics, the data suggest
that the apparent reflection coefficients for mannitol and
glycine are less than unity. The reflection coefficients for
raffinose and sucrose may also be less than 1; however, it
was not possible to study osmolytes larger than raffinose
because of difficulties in dissolving such compounds at
concentrations greater than 100 mM and measuring their
osmolalities accurately. It is noted that some diffusion of
small osmolytes out of capillaries might occur under the
conditions of our experiments. Nonzero osmolyte diffusion
is predicted to affect mainly the slower phase of the fluo-
rescence signal; however, the interpretation of low reflec-
tion coefficients for small solutes must be made cautiously
if substantial solute diffusion occurs across some microves-
sels. Because AQP1 is a water-selective transporter that
does not pass even small molecules, a reflection coefficient
under unity for small solutes indicates both transcellular and
paracellular routes for water movement. Similar conclu-
sions were reported for water movement in vasa recta en-
dothelia (Pallone et al., 1990, 1997). In contrast, rates of
water transport between the airspace and capillary compart-
ments did not depend on the size of the osmolyte added to
the airspace compartment (Carter et al., 1996), suggesting
little paracellular water transport across the alveolar epithe-
lium. In the older literature (Taylor and Gaar, 1970; Perl et
al., 1975), low solute reflection coefficients were reported
for the endothelium in isolated dog lung by following
changes in lung weight in response to the addition of solutes
to the pulmonary artery perfusate. It is difficult to compare
the data here with results from these older studies because
of uncertainties in deducing the rates of water and solute
movement across lung microvessels from serial whole lung
weight determinations.

It is noted that the measurements of temperature depen-
dence, HgCl, inhibition, and osmolyte size are comparative,
so that conclusions do not depend on the details of the
mathematical model. However, the determination of abso-
lute P, required modeling. The alveolar-capillary geometry
is complex in that several capillaries serve each larger
alveolus and each capillary serves several alveoli. At any
point along its length, a capillary is bordered by an alveolus
on two sides, with a relatively small interstitial space sep-
arating the two compartments. These considerations indi-
cated the modeling of an individual capillary enclosed by a
rate-limiting barrier through which osmotically driven water
transport occurs. Possible heterogeneity in the effective
length per capillary could not be taken into account because
of the paucity of data on this issue. Fortunately, a substantial
body of morphometric data on other aspects of the lung
capillary endothelium was available, especially in the older
literature. The parameters corresponding to capillary vol-
ume, surface area, and flow were chosen from well-estab-
lished values. The greatest uncertainty was in the selection
of capillary length, where values from 0.007 to 0.02 cm
have been reported. We chose a reasonable intermediate
value (0.01 cm); the model indicated a variation in Py from
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0.013 to 0.046 cm/s for the extreme values of capillary
length.

In summary, the results here establish a simple biophys-
ical method for measuring rapid microvascular osmotic
water permeability in mammalian lung. Quantitative water
transport measurements in intact organs should be very
useful in the phenotype analysis of transgenic mice lacking
specific aquaporins (Ma et al., 1997, 1998). The high mi-
crovascular water permeability suggests that alveolar cap-
illaries do not constitute a rate-limiting barrier in lung water
movement. The specific water permeability properties suggest
the involvement of molecular water channels in the high tran-
scellular endothelial water permeability in lung microvessels.
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